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The Johari-Goldstein (𝛽𝐽𝐺) relaxation anticipates in time, and is closely connected to, the structural relaxation 
in deeply supercooled liquids. Probing its microscopic properties is a crucial step for a complete understanding 
of the glass-transition. We here report the investigation of the van der Waals glass-former cumene using time-
domain interferometry, a technique able to probe microscopic density fluctuations at the spatial and temporal 
scales relevant for the 𝛽𝐽𝐺-relaxation. We find that the molecules participating in it undergo a restricted 
motion, though sufficient to induce local, cage-breaking events at the characteristic time-scale for molecular 
re-orientations. A detailed characterization of the relaxation strength, i.e. the fraction of molecules involved in 
the relaxation process, shows that such molecules are connected in a percolating cluster which, above the glass-
transition temperature, 𝑇𝑔 , is weakly dependent on temperature. Our results confirm thus previous observations 
of a mosaic structure associated to the 𝛽𝐽𝐺 -relaxation in the supercooled state, and provide additional information 
on its temperature evolution above the glass-transition temperature. We conclude that the observed microscopic 
properties of the 𝛽𝐽𝐺-relaxation, and thus of the associated mosaic structure, are generic and independent of the 
molecular interaction potential. In addition, we show that, while the dynamics within the percolating cluster 
becomes progressively slower on approaching 𝑇𝑔 , the fraction of the molecules involved in cage-breaking events 
within the 𝛽𝐽𝐺-relaxation is not affected by temperature.
1. Introduction

The microscopic origin of the glass-transition is a long-standing 
question which remains incompletely solved despite the collective effort 
of several generations of scientists. On approaching the glass-transition 
temperature (𝑇𝑔) the dynamics of supercooled liquids dramatically 
slows down. This increase in the characteristic timescale for micro-
scopic motion is accompanied by anomalous and distinctive spatio-
temporal fluctuations, which give rise to a “mosaic structure”, with 
patches of correlated molecules relaxing in a cooperative way [1]. To 
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develop a complete theory of the glass-transition a detailed picture of 
the involved microscopic processes is critically required, but yet it is 
difficult to achieve given the large span of the involved spatial and tem-
poral scales [1,2].

In a deeply supercooled liquid, on decreasing the temperature, the 
structural (𝛼) relaxation becomes progressively slower until, at 𝑇𝑔 , its 
timescale is of the order of 100 s. [1] At the same time a faster, Ar-
rhenius process, known as Johari-Goldstein (𝛽𝐽𝐺) relaxation, decouples 
from it at a temperature of ≃1.2 𝑇𝑔 , and provides molecular mobil-
ity even in the glassy state [2,3]. The 𝛽𝐽𝐺-relaxation (not to be con-
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fused with the fast 𝛽-relaxation envisaged in the mode-coupling theory 
[4]) is believed to be a fundamental ingredient of the glassy-dynamics, 
and is strongly connected to the 𝛼-relaxation [2,5–7]. “Genuine” 𝛽𝐽𝐺-
relaxations (as opposed to secondary relaxations arising from intra-
molecular degrees of freedom [2,7]) are sensitive to the thermodynamic 
state of the glass [8]. There are also indications of a signature of the 
𝛽𝐽𝐺-relaxation in the specific heat well below 𝑇𝑔 [2,9–14], where the as-
sociated degrees of freedom “freeze” [9,15], though different enthalpy-
recovery mechanisms could also be involved [16,17]. Concerning the 
microscopic mechanisms responsible for the 𝛽𝐽𝐺-relaxation, recent X-
ray scattering experiments and simulations are starting to provide an 
increasing number of insights. For instance, atomistic simulations of 
metallic glasses [18,19] have recently connected the 𝛽𝐽𝐺-relaxation 
with string-like motions, while swap Monte Carlo algorithms have 
paved the way to the equilibration of simulated systems at the rele-
vant timescales for secondary relaxation processes [20].

X-ray [21–25] and neutron scattering experiments [26–28], able to 
provide length-scale resolved information on the microscopic dynam-
ics, can clearly contribute to the investigation of relaxation processes 
on approaching 𝑇𝑔 . In particular, nuclear 𝛾-resonance time-domain 
interferometry (TDI) probes microscopic density fluctuations occur-
ring at the timescale where the 𝛽𝐽𝐺-process dominates the dynamics 
[21–25,29,30]. TDI has indeed highlighted the restricted character and 
anomalous diffusion associated to the 𝛽𝐽𝐺-relaxation on approaching 𝑇𝑔
[21–24] and allowed to estimate both the average fraction of molecules 
participating to the process (i.e. the relaxation strength) and their char-
acteristic center-of-mass excursions [23,24]. In fact, evidence was pro-
vided that, at the most probable timescale for the 𝛽𝐽𝐺 -relaxation, the 
molecules participating to it perform spatial excursions compatible with 
the Lindemann criterion for structural instability and are therefore able 
to break the cage formed by their nearest neighbors [24]. Moreover, 
they form a percolating cluster as their fraction (i.e. the relaxation 
strength) matches the threshold for site-percolation (which in amor-
phous liquids can be expected to be around 0.25) [24]. The presence 
of such a mosaic structure, associated with the 𝛽𝐽𝐺-relaxation, is in 
line with the basic idea of the Random-First Order Transition (RFOT) 
theory, which also envisages a string-like/percolating topology for the 
region of the “mosaic” relaxing via the 𝛽𝐽𝐺-relaxation [31]. For all these 
reasons it is intriguing the idea to use the 𝛽𝐽𝐺-relaxation as an effective 
probe of the mosaic structure emerging in the supercooled state aim-
ing at its detailed characterization. In particular, the temperature and 
inter-molecular potential dependence of the number of molecules par-
ticipating to the 𝛽𝐽𝐺-relaxation (and, thus, of the associated percolating 
cluster) and their spatial excursions should be investigated in some de-
tail. In fact, we have little information on the relaxation strength of the 
𝛽𝐽𝐺-relaxation process as it was possible to estimate it so far only for a 
hydrogen-bonded liquid (5-methyl-2-hexanol [23]).

Motivated by these possibilities, we here report a study of the mi-
croscopic properties of the 𝛽𝐽𝐺-relaxation for the model van der Waals 
glass-former cumene using a new TDI scheme with increased efficiency 
[32]. We find that in cumene roughly 25% of the molecules participates 
to the cage-breaking events during the 𝛽𝐽𝐺-relaxation, thus matching 
the site percolation threshold. Our results confirm those obtained for the 
H-bonded liquid 5-methyl-2-hexanol [23] and suggest that the proper-
ties of the mosaic structure do not depend on the interaction potential, 
which is highly directional in the case of H-bonding and more isotropic 
in the simpler case of van der Waals liquids. Further, we find that the 
fraction of molecules participating in cage-breaking events during the 
𝛽𝐽𝐺-relaxation, encoded in the relaxation strength provided by TDI, 
shows a negligible temperature dependence above 𝑇𝑔 .

Our results thus highlight the microscopic properties of the 𝛽𝐽𝐺-
2

relaxation that appear more and more universal.
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2. Experimental details

Sample Cumene (isopropyl benzene), a model glass-former [33] (𝑇𝑔 =
127 𝐾 [10]) with a genuine 𝛽𝐽𝐺 relaxation [2,3,10,34], was purchased 
from Sigma Aldrich and used as received (purity > 99.5%).

Dielectric spectroscopy The re-orientational dynamics of the sample has 
been characterized using dielectric spectroscopy. In detail the complex 
permittivity of the sample was measured in the range 10 mHz-10 MHz 
range using a lumped impedance technique and the Novocontrol Alpha-
Analyzer. The sample environment consisted of a dry nitrogen-flow 
Quatro cryostat with a temperature accuracy better than 0.1 K. The 
sample cell (in sealed configuration) consisted in a capacitor with par-
allel plates separated by a sapphire spacer (effective electrode diameter 
30 mm, thickness 70-140 μm, empty capacitance 45-90 pF). The cell 
was filled by the sample in the liquid state.

Time-domain interferometry The microscopic density fluctuations of the 
sample have been probed by nuclear 𝛾-resonance time-domain interfer-
omentry. In a typical TDI experiment two nuclear absorbers, containing 
the Mössbauer isotope 57Fe, are placed upstream and downstream of 
the sample [29,35,36]. The nuclear resonance of 57Fe lies at an energy 
of ≃ 14.4 keV, which can be easily excited with synchrotron radiation, 
and has a lifetime 𝜏0 (natural linewidth Γ0) of ≃141 ns (≃4.66 neV), 
which matches the typical timescales for the 𝛽𝐽𝐺 -relaxation around 𝑇𝑔 . 
The nuclear absorbers used in TDI usually have different energy spectra. 
Several approaches can be used to this aim, such as Doppler shifting one 
absorber with respect to the other [29] or exploiting hyperfine interac-
tions [32,35]. The present experiment was performed at the nuclear 
resonance beamline ID18 of the European Synchrotron Radiation Facil-
ity (ESRF) [37] with the storage ring operating in 4-bunch filling-mode 
(storage ring current 𝐼 = 20𝑚A). In such operation mode the time in-
terval between two synchrotron radiation pulses is 648 ns. A 3-lines 
setup was used consisting of an 𝛼-57Fe foil (thickness 10 μm) to gen-
erate the 2-lines probe beam while the reference single-line absorber 
consisted of a pellet containing K2Mg57Fe[CN]6 (57Fe surface density: 1 
mg/cm2). To reduce the number of nuclear resonances of 𝛼-57Fe to two, 
we applied a magnetic field of 0.5 T perpendicularly to the horizontal 
scattering plane, see Refs. [32,36] fore more details. This scheme was 
chosen because multi-line TDI experiments are indeed more efficient 
compared to standard 2-lines schemes and allow us to directly extract 
the relaxation strength of the probed process [35,36].

The TDI signal was simultaneously collected at three different scat-
tering vectors (𝑞) to reduce the total experiment time. In detail, we em-
ployed three different groups of APD detectors (time resolution ≃ 1 ns), 
each of them probing a distinct scattering angle. By changing the po-
sition of the detectors with respect to the sample we could select the 
𝑞-values of interest. The temperature of the sample was controlled in 
a He-flow cryostat with a temperature stability of ±0.05 K, and all the 
measurements were performed by directly quenching the sample from 
above its melting temperature (𝑇𝑚 = 176 𝐾) to the measurement tem-
perature to reduce the probability of crystal nucleation. The absence of 
crystallization during the data acquisition was monitored by measuring 
the static structure factor of cumene every 60 minutes.

3. Dielectric spectroscopy measurements

The permittivity function 𝜖(𝜈) measured in dielectric spectroscopy 
(DS) measurements is usually analyzed by jointly fitting its real and 
imaginary part [38]. The 𝛼-relaxation was modeled by a Kohlrausch-
Williams-Watts (KWW) function, while we used the Cole-Cole function 
to describe the 𝛽𝐽𝐺-relaxation [38]. More precisely, the 𝛼-relaxation 
was directly fitted with the numerically calculated Laplace transform of 
the KWW function using the algorithm described in [39]. Fig. 1 shows 
the dielectric loss (i.e., the imaginary part of 𝜖(𝜈)) measured at temper-

atures both above (141 (a) and 136 K (b)) and below (103 K (c)) 𝑇𝑔 , 
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Fig. 1. Dielectric loss spectrum of cumene measured at 𝑇 = 141 K (a), 136 K (b) 
and 103 K (c). Black solid line: global fit. Green dashed line: contribution of the 
𝛼-relaxation. Red dash-dotted line: contribution of the 𝛽𝐽𝐺 -relaxation. At 103 
𝐾 the 𝛽𝐽𝐺 -relaxation is the only process present in the experimental frequency 
window.

along with the global fitting curve (black solid line) and the individ-
ual contributions of the 𝛼- (green dashed line) and 𝛽𝐽𝐺-relaxation (red 
dash-dotted line) to the spectrum. The 𝛽𝐽𝐺-relaxation appears in the di-
electric spectra as a high frequency symmetric peak with a dielectric 
strength usually smaller than the 𝛼-relaxation [2] (Fig. 1-(a,b)). Deep 
in the glassy state the Johari-Goldstein is the only relaxation process 
still active (see Fig. 1-(c)) and has a larger dispersion compared to the 
spectra at higher temperatures, as observed in many glass-formers [2].

4. Time-domain interferometry measurements

In a TDI experiment, the first nuclear absorber can be regarded as a 
split and delay line: a 𝛾-photon impinging onto it can be either trans-
mitted or resonantly absorbed by the long-living nuclear resonance of 
57Fe. These two scattering paths are coherently coupled. The second 
absorber, given its different excitation spectrum, acts as reference or 
phase-sensitive analyzer: when the scattering paths recombine at the 
downstream absorber, a time-domain pattern of quantum beats arises, 
with a period and structure depending on the energy spectra of the 
two absorbers. For example, in the current experiment the interfero-
gram consists of two groups of quantum beats with frequency Ω ≃ 60Γ0
and Ω∕2 ≃ 30Γ0, respectively [32]. Since the coherent superposition of 
the paths is mediated by the scattering from the sample placed in be-
3

tween the two absorbers, quasi-elastic scattering events in the sample 
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Fig. 2. (a): time-domain interferometry beating patterns of cumene at 𝑞 =
14 nm−1 (corresponding roughly to the intermolecular distance) at different 
temperatures. The symbols with errorbars are the experimental data, while the 
red-solid lines are the model curves obtained from the fitting procedure. To in-
crease the visibility, the beating patterns at 𝑇 = 137.4 K and 150.5 K have been 
scaled by a factor 103 and 106 , respectively. (b): Intermediate scattering func-
tions (ISFs or 𝑓 (𝐪, 𝑡)) obtained from the time-domain interferograms at different 
scattering-vectors (𝑞) at a fixed temperature. (c): ISFs extracted from the time-
domain interferograms measured at fixed (𝑞) and different temperatures. The 
solid curves in (b) and (c) are the ISF obtained by fitting the interferograms, 
while the symbols with errorbars show the ISF directly extracted from the ex-
perimental data. The shaded areas show the 68% confidence intervals.

lead to a loss of phasing and a consequent damping of the beating pat-
tern [29,35,36]. In the specific case of the 3-line scheme used here, 
quasi-elastic scattering in the sample reduces the contrast between the 
beatings with frequencies Ω and Ω∕2 (see for example Fig. 2-(a)).

The time evolution of the beating pattern can be quantitatively de-
scribed using for the intensity measured for a scattering vector 𝑞 and at 
time 𝑡 the model introduced in Refs. [32,36]:

𝐼(𝐪, 𝑡) = |𝑅𝐴(𝑡)|2 + |𝑅𝐵(𝑡)|2 ⋅ 𝑓Δ𝐸 (𝐪) + 2𝑅𝑒{𝑅𝐴(𝑡, 𝑇 ) ⋅𝑅𝐵(𝑡, 𝑇 )}𝑓 (𝐪, 𝑡) . (1)

In Eq. (1) 𝑅𝐴,𝐵(𝑡) are the responses of the probe (two-line, A) and ref-
erence (single-line, B) absorber, respectively; 𝑓 (𝐪, 𝑡) is the normalized 
density, 𝜌(𝐪, 𝑡), correlation function or intermediate scattering function:

𝑓 (𝐪, 𝑡) = ⟨𝜌(𝐪,0)𝜌(𝐪, 𝑡)⟩⟨|𝜌(𝐪,0)|2⟩ (2)

and 𝑓Δ𝐸 a parameter depending both on sample properties and on the 
bandwidth of the incident radiation [35]. More details on the models 
used to describe 𝑅𝐴,𝐵(𝑡) can be found in [32,36]. 𝑅𝐴,𝐵(𝑡) are usually 
calibrated in absence of the sample or, as in the present case, from 
interferograms measured at a temperature (25 K) well below 𝑇𝑔 where 
the sample shows no dynamics. This approach allows us also to estimate 

possible losses of coherence of instrumental origin. 𝑓Δ𝐸 and 𝑓 (𝐪, 𝑡) are 
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instead extracted via a fitting procedure to the beating patterns. It is 
important to point out that 𝑓Δ𝐸 and 𝑓 (𝐪, 𝑡) can be separated in the 
fitting procedure only when |𝑅𝐴(𝑡)| and |𝑅𝐵(𝑡)| are different [35], a 
condition that is naturally achieved in a 3-line TDI scheme [36].

The intermediate scattering function is usually described by the 
KWW function [2] as it provides a good account of the experimental 
data [21,24]:

𝑓 (𝐪, 𝑡) = 𝑓𝑞 exp

[
−
(

𝑡

𝜏(𝐪, 𝑡)

)𝛽𝐾𝑊𝑊

]
. (3)

In Eq. (3), 𝑓𝑞 is the relaxation strength (i.e. the fraction of molecules 
participating to the relaxation process), 𝜏(𝐪) the relaxation time of the 
density fluctuations and 𝛽𝐾𝑊𝑊 is the stretching parameter. While the 
𝛼- and the 𝛽𝐽𝐺-relaxations show different spectral shapes in dielectric 
spectra [2], using the single shape of Eq. (3) independently of the details 
of the underlying dynamical process is here preferred as it introduces 
a minimal bias in the fitting procedure. Furthermore, as also discussed 
in the methods section of Ref. [24], TDI beating patterns span less than 
two decades in time and are not much sensitive to the stretched tails 
characteristic of the Cole-Cole susceptibility in the time-domain. For 
the same reason, the relaxation parameters are rather insensitive to the 
exact shape of the model selected for describing the intermediate scat-
tering function.

The relatively small time-window of TDI does not allow leaving free 
all three parameters entering Eq. (3). Therefore, in the fitting procedure 
for all beating patterns measured at 𝑞 ≠ 𝑞𝑚𝑎𝑥 =14 nm−1, the coefficient 
𝛽𝐾𝑊𝑊 was fixed to the average value (𝛽𝐾𝑊𝑊 = 0.56) obtained from our 
dielectric spectroscopy measurements of the structural relaxation, sim-
ilarly to what reported in Refs. [21,23,24]. Here, 𝑞𝑚𝑎𝑥 is the 𝑞-value 
corresponding to the strongest peak of the scattered intensity, 𝐼(𝑞). For 
what concerns the data collected at 𝑞𝑚𝑎𝑥, the parameter 𝛽𝐾𝑊𝑊 was 
increased by 20% (𝛽𝐾𝑊𝑊 (𝑞𝑚𝑎𝑥)=0.67) in order to account for the 𝑞-
dependence expected in the case of the 𝛼-relaxation [23,24]. It is indeed 
well-known, thanks to numerical simulations [40,41] and experiments 
[42,43], that the 𝛼-relaxation shape parameter 𝛽𝐾𝑊𝑊 becomes larger 
on approaching the peak of the static structure factor (meaning that the 
associated distribution of relaxation times is narrower). The same trend 
is here assumed to hold independently of the dynamical process caught 
by the model of Eq. (3), i.e. independently of whether the process 
probed by TDI is the 𝛼− or the 𝛽𝐽𝐺-relaxation. This approach clearly in-
troduces the minimum bias in the fitting analysis when it is of interest 
to understand which relaxation process is being probed. Further, while 
the 𝑞-dependence of the stretching parameter for the 𝛽𝐽𝐺-relaxation is 
not known, it is not unreasonable to expect a somewhat narrower dis-
tribution of relaxation times at the inter-molecular length-scale also for 
the 𝛽𝐽𝐺-relaxation, due to the fact that inter-molecular correlations are 
the strongest at that point.

The tenability of this assumption was checked by jointly fitting in a 
preliminary analysis the model of Eq. (1) to the experimental data for 
each 𝑞-value and at all temperatures, leaving the 𝛽𝐾𝑊𝑊 as a global free 
parameter. This analysis provides the following estimates for 𝛽𝐾𝑊𝑊 : 
0.5(2) at 𝑞 = 14 nm−1 and 0.5(2) at 𝑞=23 and 32 nm−1, compatibly 
with our assumptions. Clearly, this fitting procedure leads to larger 
uncertainties in the fitting parameters than fixing the shape of the inter-
mediate scattering function. In what follows we will describe the results 
obtained fitting Eq. (3) to each measured interferogram separately with 
the 𝛽𝐾𝑊𝑊 (𝑞𝑚𝑎𝑥) parameter fixed as explained above.

Fig. 2-(a) shows, as an example, a few TDI beating patterns mea-
sured on cumene along with the fitting curves (red solid lines). Fig. 2-(b) 
(c) reports the 𝑇 (𝑞) dependence of 𝑓 (𝐪, 𝑡) while keeping 𝑞 (𝑇 ) fixed. The 
solid lines are the KWW functions best fitting the interferograms while 
the circles with errorbars show the 𝑓 (𝐪, 𝑡) values resulting from the pro-
cedure reported in Ref. [35]. Briefly, 𝑓 (𝐪, 𝑡) is obtained using Eq. (1), 
by subtracting the experimental responses of the probe and reference 
4

absorbers, and after fixing 𝑓Δ𝐸 to the value extracted from the fitting 
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Fig. 3. Relaxation map obtained from time-domain interferometry and dielec-
tric spectroscopy measurements. Inverse temperature dependence of the relax-
ation time (𝜏) measured by dielectric spectroscopy (yellow and grey diamonds) 
and time-domain interferometry at three different 𝑞-values: 14 (violet circles), 
23 (cyan squares) and 33 (red left-pointing triangles) nm−1. The structural re-
laxation time from Ref. [44] is also reported for comparison (yellow squares). 
The solid lines are fits to the dielectric spectroscopy data. The 𝛼-relaxation is 
fitted using the Vogel-Fulcher-Tammann equation while the 𝛽𝐽𝐺 -relaxation us-
ing the Arrhenius one. The time-domain interferometry (TDI) relaxation-times 
are fitted by scaling the Arrhenius 𝑇 -dependence obtained from the dielectric 
spectroscopy data (dashed lines through the data, with the shaded areas cor-
responding to the 68% confidence interval). The black dashed-dotted line is 
the 𝑇 -dependence obtained from the dielectric spectroscopy data for the 𝛼-
relaxation and rescaled to match the TDI value at 32 nm−1 and at the highest 
probed temperature. Inset (I): Total scattering intensity as a function of the 
exchanged wave-vector 𝑞. The markers with horizontal errorbars show the 𝑞-
points investigated and the corresponding 𝑞-range. Inset (II): 𝑇 -dependence the 
𝛽𝐽𝐺 relaxation time as measured by dielectric spectroscopy below 𝑇𝑔 . Gray dia-
monds: present work; gray squares: data from Ref. [44].

procedure. The resulting data points are then binned with a logarith-
mic spacing and the uncertainty is calculated by performing a weighted 
average within each bin. This method allows us to directly extract the 
intermediate scattering function from the data: a good agreement be-
tween the data and the fitted KWW functions can be observed, further 
validating our analysis.

5. Relaxation map and temperature dependence of the relaxation 
strength

The temperature dependence of 𝜏 was investigated for three differ-
ent 𝑞-values (see inset (I) of Fig. 3): 14 nm−1 (violet circles), correspond-
ing to the average intermolecular distance, 23 nm−1 (cyan squares) and 
32 nm−1 (red triangles). The measured 𝜏 values are plotted in Fig. 3
along with the ones obtained by dielectric spectroscopy (DS, yellow 
and gray diamonds), which probes the molecular re-orientational dy-
namics. The DS spectroscopy data provide a precise estimation of the 
𝑇 -dependence of the relaxation time of both the 𝛼 and 𝛽𝐽𝐺-process that 
can hence be used as a fingerprint to search for these processes in the 
TDI data. In Fig. 2 we also report the DS relaxation times from Ref. 
[44]: the yellow squares in the main plot are the relaxation times of 
the 𝛼-process while the 𝜏-values corresponding to the 𝛽𝐽𝐺-relaxation 
are compared with ours, below 𝑇𝑔 , in the inset II. In both cases a nice 
agreement can be observed.

Concerning the TDI data, 𝜏 shows a simple Arrhenius temperature 
dependence at all 𝑞-values, consistent with the one of the 𝛽𝐽𝐺-process 
from the DS data (especially at 𝑇 < 147 K). This is shown by the dashed 
lines in Fig. 3, obtained by re-scaling the temperature dependence ob-
tained from the DS data onto the TDI data. This means that in the 

probed 𝑞- and 𝑇 -range we are mostly sensitive to the 𝛽𝐽𝐺-relaxation. 
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Fig. 4. (a,b): intermediate scattering functions extracted at 𝑞 =32 nm−1 and 
𝑇 =142.5 K and 150.5 K, respectively. (c): temperature dependence of the re-
laxation strength of the Johari-Goldstein relaxation at 𝑞 =32 nm−1.

In fact, if we re-scale the temperature dependence of the 𝛼-relaxation 
obtained from DS onto the TDI data (see, for example, the black dashed-
dotted line in Fig. 3) we cannot satisfactorily describe the TDI data. We 
underline that our measurements were performed at temperatures be-
tween 1.17 and 1.09 𝑇𝑔 and usually the 𝛼 and 𝛽𝐽𝐺-relaxation decouple 
around 1.2𝑇𝑔 . We could not explore higher temperatures than those re-
ported in Fig. 3 due to sample crystallization.

It is important to stress that cumene, despite being a small molecule, 
possesses internal degrees of freedom (related to the isopropyl chain) 
which could in principle couple to density fluctuations at a local scale. 
However, this possible coupling that can be neglected here by consider-
ing that: i) the timescale found at the intra-molecular length-scale is in 
close agreement with the one provided by DS for the 𝛽𝐽𝐺-relaxation, 
ii) the same activation energy is found at both the inter and intra-
molecular scale, and iii) a strong scattering vector (length-scale) de-
pendence of the characteristic relaxation time is found (see discussion 
in Sec. 6). In fact, density fluctuations associated to an internal degree 
of freedom should give rise to a 𝑞-independent relaxation time. Fur-
thermore, nuclear magnetic resonance (NMR) studies show that iv) the 
dynamics of the benzene ring and of the iso-propyl group of cumene are 
strongly coupled down to 𝑇𝑔 [45], and the activation energy for methyl-
group rotations is around ≃ 0.14 eV (≃ 14 kJ/mol) [46]. This value is 
sensibly different from the one of ≃ 0.4 eV here found for the density 
fluctuations. Therefore, we can safely conclude that we are sensitive to 
the center-of-mass dynamics of the system within the 𝛽𝐽𝐺-relaxation, 
rather than to an intra-molecular motion.

As already observed in other glass-formers [23,24], the timescale of 
molecular re-orientations within the 𝛽𝐽𝐺-relaxation (as probed by DS) 
matches that for microscopic density fluctuations at a 𝑞-value 𝑞𝐷𝑆 ≃ 32
nm−1, above the peak of the static structure factor 𝑞𝑚𝑎𝑥 = 14 nm−1. This 
𝑞𝐷𝑆 value identifies the most-probable mean-squared displacement at 
the timescale of molecular re-orientations [23,24], and corresponds to 
a well defined fraction of the inter-molecular distance (more details 
in Sec. 6). We also notice that the intermediate scattering function 
decorrelates completely via the 𝛽𝐽𝐺 process at 𝑞𝐷𝑆 = 32 nm−1 (see for 
example Fig. 4-(a,b)): this means that at such 𝑞-value the 𝛽𝐽𝐺-relaxation 
dominates slow density fluctuations, while the 𝛼 process is either not 
present or has a negligible strength. Concerning 𝑞 = 14 nm−1 and 23 
nm−1, we don’t directly observe the full de-correlation of the interme-
diate scattering function, and the structural relaxation might still relax 
the density fluctuations at times longer than those where we have ac-
cess, and this especially at the inter-molecular scale. For instance, even 
at the highest accessible temperature (𝑇 = 150.5 K) we could observe 
density fluctuations de-correlating only by 50% at 𝑞 = 14 nm−1 (see 
5

Fig. 1-(c)).
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Fig. 5. Left y-axis: scattering vector (𝑞) dependence of the characteristic re-
laxation time 𝜏𝑞 (red diamonds with errorbars) measured at 𝑇 =142.5 K. 𝜏𝑞
is extracted from the peak position of the susceptibility function of density 
fluctuations. The red solid line is obtained fitting a power-law 𝜏 ∝ 𝑞−𝑛 to the 
experimental data. The black diamond with errorbar marks the 𝑞-value, 𝑞𝐷𝑆 , 
at which the TDI and DS relaxation times match at 𝑇 =142.5 K. Right y-axis: 
𝑞-dependence of the relaxation strength (𝑓𝑞 ) (blue circles with errorbars) and 
of the total scattering intensity (black dashed line).

At 𝑞 = 32 nm−1, where it is safe to assume that only the 𝛽𝐽𝐺-
relaxation is active, we can extract its relaxation strength 𝑓𝐽𝐺(𝑞𝐷𝑆 ). 
As it is possible to observe in Fig. 4-(c), 𝑓𝐽𝐺(𝑞𝐷𝑆 ) does not show a 
pronounced temperature dependence, remaining ≃ 0.25 in the whole 
explored temperature range. This value is in agreement with our previ-
ous estimate for 5M2H [23]. We underline, however, that in the present 
case we can directly extract 𝑓𝑞 and probe its temperature dependence 
thanks to the multi-line TDI setup which allows us to separately extract 
𝑓 (𝐪, 𝑡) (and thus 𝑓𝑞), and 𝑓Δ𝐸 (see also discussions in Refs. [35,36]).

6. q-dependence

The scattering vector (𝑞) dependence of the relaxation parameters 
provides detailed information on the microscopic motions involved 
in the 𝛽𝐽𝐺-relaxation. The 𝑞-dependence of the relaxation time and 
strength, 𝑓𝑞 , are plotted in Fig. 5. In order to facilitate the comparison 
to the DS results, the relaxation times reported here and extracted from 
the TDI interferograms have been converted to those, 𝜏p, correspond-
ing to the peak of the susceptibility function, following the procedure 
in Ref. [24]. In fact, the TDI and the DS data were fitted with different 
models, namely the KWW function (Eq. (3)) and the Cole-Cole function, 
respectively, as discussed in Sec. 2 and 3. In the case of the Cole-Cole 
function, used for the DS data, the relaxation time of the 𝛽𝐽𝐺 process 
(𝜏DS

𝛽JG
) is identified by the angular frequency position of the susceptibil-

ity peak (𝜔p):

𝜏DS
𝛽JG

= 1
𝜔p

. (4)

In the case of TDI, which is fitted in the time-domain using the KWW 
model, 𝜏 is not directly related to the peak of the corresponding suscep-
tibility (𝜔𝐾𝑊𝑊

p ): 𝜔𝐾𝑊𝑊
p is indeed located at slightly lower frequencies 

than 1∕𝜏(𝑞). To facilitate the comparison between the results of the two 
techniques we therefore transformed 𝜏 into 𝜏p:

𝜏p =
1

𝜔𝐾𝑊𝑊
p

. (5)

In detail, we computed the susceptibility corresponding to Eq. (3) using 
the algorithm described in Ref. [39] (the KWW equation has no analyt-
ical Fourier/Laplace transform) and then we numerically found 𝜏p.

The results for 𝜏𝑝 and 𝑓𝑞 reported in Fig. 5 show that both param-

eters change significantly with 𝑞, and both show a modulation with 
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𝑞 similar to the total scattering intensity, 𝐼(𝑞). More in detail, the 𝑞-
dependence of 𝜏𝑞 can be fitted using a power law 𝜏𝑝 ∝ 𝑞−𝑛, which 
results in 𝑛 = 3.2(4). Such super-quadratic 𝑞-dependence, which seems 
characteristic of the 𝛽𝐽𝐺-relaxation [21,23,24], indicates sub-diffusive 
dynamics: this means that motions within the 𝛽𝐽𝐺-relaxation are highly 
restricted, with the associated mean-squared displacement increasing 
sub-linearly with time.

We also observe that 𝑛 is slightly smaller than in the case of mono-
hydroxyl alcohols [23,24] (𝑛𝑎𝑙𝑐 ≈ 4) and similar to what observed for 
o-terphenyl [21] above 𝑇𝑔 (𝑛𝑂𝑇𝑃 = 2.9(5)). This might suggest that the 
sub-diffusive character of the 𝛽𝐽𝐺-relaxation depends on the interaction 
potential and it is more pronounced (larger 𝑛) in systems with direc-
tional bonds.

The 𝑞-dependence of 𝜏𝑝 can also be used to identify the scattering 
vector, 𝑞𝐷𝑆 , at which the timescale for density fluctuations, probed by 
TDI, and molecular re-orientations (𝜏DS

𝛽JG
), probed by DS, match [24]. 

𝑞𝐷𝑆 identifies then the most-probable length-scale for molecular center-
of-mass displacements at 𝜏DS

𝛽JG
. In fact, TDI can be used to spatially 

resolve the distribution of relaxation times of the 𝛽𝐽𝐺-relaxation probed 
by techniques sensitive to the re-orientational dynamics, such as DS and 
photon correlation spectroscopy, as discussed in Ref. [47].

The obtained value of 𝑞𝐷𝑆 allows us to calculate the most-probable 
root-mean-squared displacement Δ𝑟𝐽𝐺 occurring at 𝜏DS

𝛽JG
using an 

anomalous diffusion model within the Gaussian approximation [24]. 
Briefly, our measurements show that the intermediate scattering func-
tion at 𝑞𝐷𝑆 is well described by a KWW function. Therefore, if we i) 
account for the super-quadratic 𝑞-dependence of 𝜏 :

𝜏(𝑞) = 𝐷̃
− 𝑛

2 𝑞−𝑛, (6)

where 𝐷̃ is a generalized diffusion coefficient [24], and ii) neglect the 
𝑞-dependence of 𝑓𝑞 around 𝑞𝐷𝑆 , we can write:

𝑓 (𝑞𝐷𝑆 , 𝑡) ≈ exp
[
−
(
𝐷̃

𝑛

2 𝑞𝑛𝑡

)𝛽𝐾𝑊𝑊

]
. (7)

Since 𝑛 ⋅𝛽𝐾𝑊𝑊 = 1.8(2) ≈ 2, it is clear that 𝑓 (𝑞𝐷𝑆 , 𝑡) results to be approx-
imately Gaussian in 𝑞, at least at 𝜏DS

𝛽JG
and around 𝑞𝐷𝑆 :

𝑓 (𝑞𝐷𝑆 , 𝑡) ≈ exp
[
−𝐷̃𝑡𝛽𝐾𝑊𝑊 𝑞2

]
. (8)

Within this approximation, the mean-squared displacement can be writ-
ten as:

⟨𝑟2(𝑡)⟩ = 6𝐷̃𝑡𝛽𝐾𝑊𝑊 , (9)

making it possible to relate 𝑞𝐷𝑆 to the mean-squared displacement at 
𝜏𝛽JG

[24]:

Δ𝑟𝐽𝐺 =
√⟨𝑟2(𝜏DS

𝛽JG
)⟩ = √

6
𝑞𝐷𝑆

= 0.80(7) Å , (10)

where the factor 6 accounts for the fact that we are modelling the pro-
cess in three dimensions.

Δ𝑟𝐽𝐺 results to be roughly 13% of the average inter-molecular dis-
tance as estimated from the molecular volume. This result is similar 
to what previously reported for 5-methyl-2-hexanol, 1-propanol and o-
terphenyl [24].

7. Discussion

The 𝛽𝐽𝐺-relaxation of cumene displays, analogously to other pre-
viously investigated glass-formers [23,24] a strong super-quadratic 𝑞-
dependence and dominates the microscopic dynamics at large scattering 
vectors, where density fluctuations relax via a sub-diffusive motion. 
Moreover, the characteristic MSD, Δ𝑟𝐽𝐺 , evaluated at the most prob-
able timescale for re-orientations, satisfies the Lindemann criterion for 
structural instability. According to the Lindemann criterion, molecu-
6

lar displacements of around 10% of the inter-particle distance from 
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Fig. 6. Inverse temperature dependence of the characteristic center-of-mass 
displacement Δ𝑟𝐽𝐺 at the 𝛽𝐽𝐺 -relaxation characteristic time of the molecules 
participating to the 𝛽𝐽𝐺-relaxation, rescaled to the average intermolecular dis-
tance, 𝑟𝑝 . The gray area shows the range of typical values for the Lindemann 
criterion in crystals (see ref. [49] and references therein) expressed in terms of 
root-mean-squared displacement, as also discussed in Ref. [24].

equilibrium positions, lead to structural instability/melting, a condi-
tion, as discussed also in [24], which is met by the molecules taking 
part to the 𝛽𝐽𝐺-relaxation at 𝜏𝐷𝑆

𝛽𝐽𝐺
. This then implies that also in cumene 

the molecules involved in the 𝛽𝐽𝐺-relaxation perform, at 𝜏DS
𝛽JG

, critical-
amplitude displacements in the cage formed by their nearest neighbors, 
leading therefore to cage breaking events. It is interesting to notice that 
the quasi-local character of the 𝛽𝐽𝐺-relaxation has also been suggested 
by recent experiments on polyamorphic metallic glasses showing the 
𝛽𝐽𝐺-relaxation to be mainly sensitive to short-range order [48].

Fig. 6 shows Δ𝑟𝐽𝐺 , normalized to the center-of-mass to center-of-
mass distance (𝑟𝑝) and as a function of the inverse temperature, for 
cumene and all other glass-formers for which this information is avail-
able and that belong to the H-bonded [23–25] and van der Waals classes 
of liquids [21]. With the exception of propanol, which was probed at a 
temperature sensibly higher than 𝑇𝑔 , the molecular excursions at 𝜏DS

𝛽JG
of 

the molecules participating in the 𝛽𝐽𝐺-relaxation and at temperatures 
close to 𝑇𝑔 are all of the order of 12%-13% of the nearest neighbors
distance. This result suggests the universal character of the 𝛽𝐽𝐺 relax-
ation as a cage-breaking process. In fact, the amplitude of these motions 
satisfies the Lindemann criterion for structural instability and they are 
therefore expected to break the cages formed be the nearest neighbors 
[24,49].

It is in particular intriguing that also the recent TDI results for 
glycerol [25], though of more difficult interpretation [50] as the contri-
bution of the 𝛽𝐽𝐺 relaxation to the dielectric spectra (if present at all) 
is still debated [51–53], also agree with this scenario when analyzed 
within our scheme.

The present measurements on cumene provide also a detailed char-
acterization of the temperature dependence of the strength of the 𝛽𝐽𝐺-
relaxation, extending previous results on 5-methyl-2-hexanol [23] and 
thanks to an improved experimental scheme [32]. In particular, we find 
here that 𝑓𝐽𝐺(𝑞𝐷𝑆 ) ≃ 0.25 in the whole probed temperature range, see 
Fig. 4. This suggests that the fraction of molecules undergoing cage-
breaking events is not strongly affected by temperature (at least above 
𝑇𝑔) and by the molecular interaction potential as the same fraction of 
molecules (≃ 25%) contribute to the 𝛽𝐽𝐺-relaxation at 𝜏DS

𝛽JG
both in H-

bonding and van der Waals liquids.
At timescales longer than 𝜏DS

𝛽JG
and before the onset of the structural 

relaxation a fraction of these more mobile molecules, escaping from 
the cage formed by the nearest neighbors, are eventually able to (sub) 
diffuse to longer distances [24,23]. It is reasonable to expect that these 
larger spatial excursions are associated to the string-like reconfiguring 

regions observed in metallic glasses [18,19]).
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The weak dependence of 𝑓𝐽𝐺(𝑞𝐷𝑆 ) on 𝑇 , at a first glance, seems 
to be at odds with what usually observed by dielectric spectroscopy: 
as often reported in the literature, the dielectric strength of the 𝛽𝐽𝐺-
process decreases on approaching 𝑇𝑔 [2,54]. This apparent discrepancy 
is easily justified by the fact that TDI provides a different perspective 
compared to dielectric spectroscopy. The dielectric strength depends 
on both the number of relaxing dipoles and on the amplitude of the 
angular excursions which is temperature dependent as well. [2,55,56]. 
On the contrary, 𝑓𝐽𝐺 corresponds to the fraction of molecules that at 
𝜏 have moved over a distance fixed by the scattering vector 𝑞 (i.e. ≃
1∕𝑞). So 𝑓𝐽𝐺 directly reflects the molecular participation to a relaxation 
process at a given 𝑞. Further, while dielectric spectroscopy provides a 
spatially averaged information, TDI allows to selectively probe different 
microscopic length-scales (identified by 𝑞). For these reasons our results 
present a complementary and more direct picture of the microscopic 
motions taking place during the 𝛽𝐽𝐺-relaxation.

We also stress that the temperature independence of 𝑓𝐽𝐺 has been 
observed only in a specific 𝑞-region around 32 nm−1 which corresponds 
to the characteristic scale for cage-breaking events. So, our results show 
that the fraction of molecules able to locally change the amorphous 
structure is independent of the temperature. We cannot conclude the 
same for larger spatial excursions (i.e., density fluctuations at smaller 
𝑞-values), which are likely to be accompanied by larger angular re-
orientations in view of the roto-translation coupling discussed in [23]). 
In fact, at 𝑞 < 32 nm−1 the molecular dynamics is too slow for the time-
window directly accessed by TDI: at these 𝑞-values we cannot rule out 
the presence of the structural relaxation and thus we cannot investi-
gate the temperature dependence of 𝑓𝐽𝐺 alone. We can however expect 
these longer-range excursions to be more sensitive to temperature and 
to be strongly reduced on approaching 𝑇𝑔 , and the more so in the glassy 
state. For the same reason it is also reasonable to anticipate a reduction 
of these longer-ranged molecular rearrangements during isobaric and 
isothermal aging or when an ultra-stable glass is produced, in line with 
the sensitivity of the 𝛽𝐽𝐺-relaxation to the thermodynamic state of the 
glass [2,3,8].

It is interesting to notice that our results are compatible with the 
picture proposed in Ref. [57] where, based on thermodynamic consider-
ations, it is argued that regions with a higher-than-average mobility are 
at the origin of the 𝛽𝐽𝐺 -relaxation in the glassy state. In fact, our micro-
scopic description of the 𝛽𝐽𝐺-relaxation shares several similarities with 
models that suggest the 𝛽𝐽𝐺-relaxation to be associated with liquid-like 
regions and that are based on investigations of sub-𝑇𝑔 crystallization 
[58,59]or stress/surface defects relaxation in metallic glasses. [60–62]. 
Moreover, in Ref. [59] the fraction of molecules in such liquid-like re-
gions has been derived from the crystallized fraction of the metallic 
glass after ultrasound annealing and results to be roughly 20%, in agree-
ment with our results. However, a direct comparison of this estimation 
with our microscopic results requires caution since it relies on the deli-
cate assumption that the crystallized domains observed in Ref. [59] are 
entirely due to molecules participating only in the 𝛽𝐽𝐺-relaxation. We 
also notice that in Ref. [60], it is reported that the onset of macroscopic 
flow in the glassy-state, which is there associated with the activation 
of the 𝛽𝐽𝐺-relaxation, occurs only when the fraction of liquid-like zones 
reaches 0.25 (i.e. the percolation threshold for the system). Even though 
a direct connection with our microscopic results is, again, not straight-
forward, it is nonetheless interesting to notice that also macroscopic 
flow measurements suggest that the occurrence of the 𝛽𝐽𝐺-relaxation is 
associated with a percolating structure.

8. Conclusions

In conclusion, we studied the microscopic properties of the 𝛽𝐽𝐺-
relaxation in the van der Waals liquid cumene using nuclear 𝛾-
resonance time-domain interferometry. Our investigation, covering a 
wide range of scattering vectors (13–40 nm−1) and timescales (10−9– 
7

10−5 s), shows that in cumene the 𝛽𝐽𝐺-relaxation dominates the den-
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sity fluctuations at intra-molecular distances and that its characteristic 
mean-squared displacement is ≃13% of the average intermolecular 
distance, in line with previous observations. This confirms that the 
molecules participating in the 𝛽𝐽𝐺-relaxation are able to break the 
cages formed by the nearest neighbors before the structural relaxation 
occurs. Moreover, thanks to the extended dynamic range of our de-
tection scheme we could directly measure the relaxation strength of 
the 𝛽𝐽𝐺-relaxation and found that it weakly depends on temperature, 
being ≃ 0.25 in the whole probed temperature range. The fraction of 
cage-breaking molecules participating to the 𝛽𝐽𝐺-relaxation does not 
decrease on approaching 𝑇𝑔 when evaluated at 𝜏𝛽JG . In other words, 
while the time required for cage-breaking events, i.e. 𝜏𝐷𝑆

𝛽𝐽𝐺
, increases 

while approaching 𝑇𝑔 , the topology of the percolating cluster (identified 
by the fraction of involved molecules) is weakly dependent on tempera-
ture. Moreover, the value obtained for the relaxation strength confirms 
previous estimates for H-bond liquids, showing that the properties of 
the percolating cluster do not depend on the molecular interaction po-
tential.
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