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® Check for updates Secondary relaxation, also known as 3,; relaxation, is adynamical process

observedinsupercooled liquids and glasses. Itis distinct from the slower,

so-called a relaxation, whichis associated with particles escaping the cages
formed by their surrounding neighbours. The secondary relaxation affects
several properties of the glass, including the crystallization propensity and

mechanical response. Traditionally studied via dielectricand mechanical
spectroscopy, the B,; relaxation is often linked to quasi-localized particle
motion. Here we use awavevector-resolved X-ray technique to access
microscopic, real-space information on the 3 relaxationinahydrogen-bonded
glassformer and show that the a and s relaxations cannot be described
astwoindependent processes. Moreover, we provide evidence that the B¢
relaxation is associated with a sublinear growth of the mean-squared molecular
displacement preceding the onset of diffusion. Our findings thus clarify that
the By; relaxation can be described as the critical rattling of molecules within the
cage formed by their neighbours just before escaping fromit.

Aliquid cooled sufficiently fast below the melting temperature does not
crystallize and can be deeply undercooled until it eventually reaches
the glass state across the glass-transition temperature 7, (ref.1). Upon
cooling, the molecular dynamics become slower and slower, and around
atemperature oftenidentified with the mode-coupling transition tem-
perature 7.~ 1.2T,, a plateau develops in the time dependence of the
mean-squared molecular displacement®*, This plateau is asignature of
caged dynamics: the molecules remain trapped in the cage formed by
their first neighbours (the plateau in the mean-squared displacement)
before escaping and diffusing away. T, also marks the temperature
below whichasecondary relaxation process, known as Johari-Goldstein
or By relaxation®, branches off the slower, main relaxation process,
known as o or structural relaxation’. The By relaxation is still under
investigation and, despite appearing in the temperature range below
T. crucial for a detailed understanding of the glass-transition, its role
inthe vitrification process remains under debate®”.

Johariand Goldstein were thefirst to report evidence of B, relaxa-
tion in the dielectric spectra of glass formers composed of rigid mol-
ecules*. Alarge literature of dielectric spectroscopy studies of mainly
organic glass formers has been accumulated since then®’, and crite-
ria have been proposed to distinguish ‘genuine’ B relaxations from
processes related to internal degrees of freedom'®. Although the By
relaxation was initially considered purely rotational in nature due to
itsappearanceindielectric spectroscopy spectra', its observation by
techniques probing density fluctuations'?and in mechanical spectros-
copy studies of metallicglasses'?, where no orientation degrees of free-
dom are present, suggests a substantial translational component. An
important outcome of the available studies hasbeen acomprehensive
understanding of the role of the B; relaxationina number of relevant
mechanical properties such as, for example, the plastic response of the
material”®>. More recently, calorimetry has also been used to character-
ize the B,c process, adding an additional perspective'*".
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Fig. 1| Nuclear y-resonance time-domain experimental results. a, Intermediate
scattering functions extracted from y-resonance TDI measured at176.9 K at the
indicated wavenumbers. The solid lines show best fits to the data using the KWW
function (equation (1)). The error bars denote +1s.d., computed after fitting and
reduction of the TDI beating patterns (ref. 56 and Supplementary Text 1) and
subsequent logarithmic binning on the time axis. Each bin contains n=11time
delays fort< 60 ns, increasing ton=22for 60 <t<120 nsand ton>100 at longer
times owing to reduced count rates. The s.d. combines the within-bin variance
with propagated uncertainties from the datareduction procedure. Each beating
pattern has a total integrated intensity >1 x 10° counts, with an average of

| | | |
5.0 5.5 6.0 6.5

1,000/T (K™

>50 counts per time delay (Supplementary Fig.1). Shaded regions indicate the
68% confidence intervals obtained from the fitting procedure. b, Total scattered
intensity measured at176.9 K. The covered g-interval ranges from 9 to 40 nm™
and is associated to the shown range of colours. The horizontal bar indicates the
typical wavenumber resolution in the experiment. ¢, The diamonds represent
the temperature dependence of the relaxation time, 7, measured at different
wavenumbers identified according to the coloursinb. In the plot, we also report
data obtained in a previous experiment (circles)”. Error bars are +1s.d., obtained
from the weighted nonlinear fitting of the experimental data®.

Different conceptual frameworks, not clearly compatible
with each other, have been used to describe the B,; relaxation.In a
real-space picture, itis usually interpreted as a quasi-localized process
occurring in loosely connected regions of the glass structure®. This
descriptionis supported by confocal microscopy experiments, where
clusters of fast-moving particles could be directly observed in col-
loidal supercooled fluids and glasses'. Although real-space imaging
ofbulk liquids with atomicresolutionis still very difficult, consistent
results were obtained in experiments probing the structure of metallic
glasses”. One- and two-dimensional ?’H-nuclear magnetic resonance
(NMR) studies provided evidence that the secondary relaxation is
associated with small-angle reorientational jumps, which involve
essentially all molecules over time'®". In the coupling model, the B,
relaxationis associated to the dynamics of particles that escape from
their cage andis considered to be the precursor of the a relaxation®.
Inthe potential energy landscape framework”?, the B, relaxation is
associated with transitions between neighbouring minima with small
energy barriers, which corrugate larger ‘metabasins’ explored during
the a relaxation. This topographic hierarchy in the potential energy
landscape has been supported by a recent numerical simulation of
an asymmetric dimer system?*. However, a hierarchical separation
between basins of different heights does not seem to be necessarily
required. Within random first-order transition theory, for exam-
ple, the B, relaxation is associated to a low free-energy tail of the
activation-barrier distribution, which emerges because of the differ-
ences in the geometry of the reconfiguring regions related to the o
and By relaxations*. Numerical simulations covering exceptionally
long times instead support a scenario in which the B, relaxation
originates from a heterogeneous activated dynamics with dynamic

facilitation, a phenomenon in which microscopic motion induces
further motion nearby>°.

Despite a large amount of work that has already been devoted
to this subject, pinpointing the microscopic characteristics of the
B, relaxation process, for example, the rotational versus transla-
tional molecular displacements involved in it and their distribution
in space and time, remains an extraordinary theoretical, numerical
and experimental challenge. We here contribute to this matter by
reporting an experimental study of the wavenumber-resolved dynami-
cal response of the B, relaxation inamodel hydrogen-bonded liquid,
5-methyl-2-hexanol (SM2H), in the temperature range where it sepa-
rates from the a relaxation. The data collected, analysed using a new
inversion approach, putusina position to provide a clear picture of the
B, relaxation: it correspondsto the critical rattling of the moleculesin
the cage formed by their first neighbours, triggering the onset of dif-
fusion. This work thus identifies the microscopic motions that signal
the onset of glassy behaviour.

Inthe nuclear y-resonance time-domain experiment that we dis-
cuss here (see Supplementary Fig. 1 for an example of raw data), it is
possible to extract the (normalized) intermediate scattering function,

f(q, t), that is the g-component of the (normalized) density correla-
tion function at time ¢ (ref. 27) (see Methods and Supplementary Text
1for more details). This technique is used here to study the micro-
scopic density fluctuations in deeply supercooled 5SM2H, a model
hydrogen-bonded glass former characterized by agenuine B, process™
and with a characteristic timescale ideal for the dynamic range of
time-domaininterferograms (TDI)*. Figure 1areports the intermediate
scattering function of 5SM2H measured at 176.9 K as a function of time
for three g-values (see Fig. 1b for the corresponding total scattering
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profile). The decay with time of density fluctuations is well described
by astretched exponential, also called the Kohlrausch-Williams-Watts
(KWW) function, as in previous studies'>?>*

Brww
a0 =fmen| () | <1>

By fitting equation (1) to the experimental data of f(q, ¢) for different
temperatures and wavenumbers, as shown in the examples reported
inFig.1a, therelaxationtime, 7(g, T), and the relaxationstrength, f,(T),
have been extracted. The shape parameter, S, has beenfixed to 0.5
foralltemperatures and g to reduce the number of free fitting param-
eters. However, the results of this study are not affected by variations of
Bwwinthe £0.2 range (see Supplementary Text 2, Supplementary Fig.2
and Supplementary Table 1for justification and more details).

Thetemperature dependence of 7, probed at different g, is shown
intherelaxation map reportedin Fig.1c. Asalready observedinref. 29,
achangeintheactivationenergy of therelaxation time can be observed
around T, =181K, with the activation energy matching that of the a
relaxation above T, and that of the B, relaxation below T (ref. 12).
Inthe present work, we extend our previous investigation reported in
ref.29 to alarger g-range and to adenser g-grid, as shown in Fig. 2, for
the g-dependence of the relaxation time.

Above T,z we observeinFig. 2aaninversely quadraticwavenumber
dependence for 7, compatible with the diffusive behaviour expected
in this region, as also reported for other glass formers®. Across T, a
clear change in the g-dependence of 7 can be observed (Fig. 2b,c). In
more detail, at both 181 Kand 179.6 K and at scattering vectors larger
than -16 nm™, r displays, in agreement with previous observations, a
super-quadratic g-dependence, 7 < ¢ with n > 2, which is a hallmark
of restricted subdiffusive dynamics. In particular, the value of the
exponent n averaged over the data at 181K and 176.9 K is (n) = 4.3(3).
Instead, at smaller g-values, an inversely quadratic g-dependence is
observed, indicating that the diffusive dynamicsis recovered at small
scattering vectors (thatis, large distances and long times). As already
reported in our previous study” and here even more clearly demon-
strated, the wavenumber at which the g-dependence changes from
diffusive to subdiffusive, gps = 16 nm™, corresponds to a root
mean-squared displacement \/E/qDS ~ 1.5 A, whichis -20% of the aver-
ageintermolecular distance. This valueis compatible with Lindemann’s
criterion for structural instability and with the observation that, in
simulated metallic glasses, the « relaxation appears when molecular
displacements reach roughly 20% of the distance of nearest neigh-
bours®. Fromadifferent perspective, we also observe that the visibility
of the By; relaxationin the density correlation function at high g might
be explained by thinking that this process has astrong rotational com-
ponent that dominates the density correlation function at high g, as
therotational-translational coupling becomes strong there, consistent
with the results of amolecular dynamics study of undercooled water™.
The transition between the two different regimes for 7is smooth and
can be described using the simple expression

1

b+ D ”

7(q) =

where D, is the diffusion coefficient, and D is an anomalous diffusion
coefficient associated with the subdiffusive dynamics within the B¢
relaxation®”**. The full lines through the experimental dataat 181 K and
176.9 Kin Fig. 2 are the results of a fit using equation (2) and describe
the data rather well. At first glance, this result could be interpreted,
following a study on dielectric spectroscopy and neutron scattering
experiments®**, assuming that density fluctuations around the decou-
pling temperature T grelax viatwo independent relaxation channels,
the aand the B;; ones, which existand are active at all g. The intermedi-
ate scattering function could thenbe writtenas the product of the two

relaxation processes:f(q, t) =f,(q, t)fs(g, t). Thisimplies that the density
relaxation time would be determined by the faster process, namely the
arelaxation for ¢ <16 nm™and the B,; relaxation for g>16 nm™.

To test this hypothesis, we consider the g-dependence of the
intermediate scattering function f(g, t)/f, probed at different times,
asreportedinFig. 3, for188,181and 176.9 K at three different times.

Following the previous discussion, we modelf{(q, t) by (1) consider-
ing the measured g-dependence of the relaxation time and (2) assum-
ing that f(q, t) is well described by a stretched exponential (equation
(1)) in the time window that is here probed, with S,w=0.5atall g. In
particular, consistent with the g2 dependence of the relaxation time
in the a relaxation regime, we can assume for the a relaxation the
simple expression

fa(q,0)
13

= exp|~(Du?t™ | ~ expl-gVDe, 3)

Here fisthestrength of the process, and D, is the diffusion coefficient
that can be obtained from the quadratic g-dependence at high tem-
peratures/small scattering vectors (Fig. 2). Equation (3) isreported in
Fig. 3, red lines, and well describes the f(q, t) data at low g, in the &
relaxation regime. The super-quadratic g-dependence of the inverse
relaxation time of the 3 relaxation caninstead be described in terms
of an anomalous diffusion model. By combining the approximately
quartic g-dependence of the Bginverse relaxation time with equation
(1) for Byww = 0.5, it is possible to write***¢

t — 2 2
fjc;; ) ~ exp [—qutﬂkww] = exp [—@], (4)

where ff]G is the relaxation strength of the ;¢ relaxation. Within this
approximation, the normalized intermediate scattering function asso-
ciated with the B,; relaxationis approximately Gaussianin shape. This
allows us toexpress (g, t) in equation (4) in terms of the mean-squared
molecular displacement, (r*(t)), which is then related to the anomalous
diffusion coefficient D, obtained from fitting the g-dependence of the
datainFig.2, by therelation

(r2 (&) = (Ir(®) — r(0)[2) = 6Dt (5)

Equation (4) isreportedinall panels of Fig. 3, bluelines, and describes
well thef(q, t) dataat high g, in the B, relaxation regime.

Wearenowinthe position totest the previously discussed scenario
for the a and B¢ relaxation processes. The black solid lines reported
in Fig. 3 have been calculated as the product of equations (3) and (4),
and it is clear that the assumption that the f(q, t) is described by the
product of two independent contributions does not match well our
experimental data. We also underline that above the crossover tem-
perature (7,3 =181K), where only the a relaxationis present, equation
(3) accounts well for the g-dependence of f(g, t) (Fig. 3, top). We can then
conclude this section underlining that the transition from diffusive
to subdiffusive dynamics seen in the g-dependence of the relaxation
time is also clearly reflected in the g-dependence of the shape of the
intermediate scattering function. Around the crossover temperature
T,s the aand By relaxations cannot be considered as two independent
relaxation processes: instead, the relaxation process that affects the
density fluctuations changesin nature from what we call the B, process
to the a process as the length-scale (and therefore the timescale) of
observation is increased across the Lindemann length. Interestingly,
our findings (see also hereafter) provide a microscopic picture of the
results of previous NMR investigations establishing a strong correlation
between the a and B processes”.

The observation that the a-relaxation-controlled regime is char-
acterized by ag dependence of the relaxation time encourages us to
estimate adiffusion coefficient at all probed temperatures, including
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Fig.2|The a-to-B,; transition observed as a function of g. a-c, Wavenumber
dependence of the relaxation time at 188 K (a), 181K (b) and 176.9 K (c) across T,g
~181K (ref. 29), asreported in the legends. The dashed and dashed-dotted lines
through the data for rat T=181K (b) and T=176.9 K (c) show, atg=16 nm™, a
transition fromag?regime atlow gtoa g regime at high g. The full lines through
the data correspond to equation (2). The data for rat 7=188 K (a) only show the
g regime. The error bars denote +1s.d. from the nonlinear fitting procedure of
the beating patterns.

those where only few g-points have been collected. Figure 4a reports
the T,-scaled temperature dependence of the extracted diffusion coef-
ficient (Fig. 4a, blue diamonds, left axis).

Itstemperature dependence agrees well with that expected from
the Stokes-Einstein equation D, « T/z, (ref. 38) (Fig. 4d, dashed line,
right axis), where we have used literature data for the a relaxation time,
7, (ref. 29). This is interesting, as the diffusion coefficient is known to
become g-dependent at high g (ref. 38). We expect that this
g-dependence should not affect the temperature dependence of D,
astheg-range used to extractit from the experimental datais basically
the same at all temperatures. To test this assumption, because we are
notaware of other independently measured diffusion coefficient data
for SM2H, we perform the same analysis in the a-dominated regime

using literature TDI data for the intermediate scattering function of
o-terphenyl (OTP) (Fig. 4a, full red diamonds, left axis)'**°. OTP has in
fact been studied in detail, and direct measurements are available of
thediffusion coefficient (Fig. 4a, full red circles and squares, left axis)*°
and of the timescale of the a relaxation from several techniques**™**,
which we again use to estimate the temperature dependence of D, from
the Stokes-Einstein expression (Fig. 4a, dashed line, right axis). We
note that the same y-scales have been used for SM2H and OTP. We
observethat (1) the Stokes-Einstein expression describes the tempera-
ture dependence of the diffusion coefficient of OTP well, down to a
certain temperature in the deeply supercooled liquid, below which it
isviolated, as welldocumented in the literature**¢; (2) the direct meas-
urements of the diffusion coefficient in OTP agree rather well (within
~30%) with the estimates obtained from the intermediate scattering
function measured at high g. We can conclude that it is possible to
extract reasonably consistent diffusion coefficients from our data,
which gives us confidence in the results of the model used to describe
them. Similarly, we can compute the anomalous diffusion coefficient
D associated with the Bjcrelaxation fromthe regime where theinverse
relaxation time shows an almost quartic dependence onq (t = D~2g~%).
Thedataobtained are reportedin Fig. 4b as afunction of the 7,-scaled
inverse temperature. From the relation between D and the relaxation
time of theJG relaxation, which can be worked out from equation (4),
we canexpect that the slope ofloglo(ﬁ)versus T,/ Tis Eyg/(2kg TgIn(10)),
where £,;=0.28+0.02 eVis the activation energy of the B, relaxation™
and T,=155 K is the glass-transition temperature of SM2H. This predic-
tionisindeed verified in Fig. 4b, sign of an overallinternal consistency
of the data analysis.

Having worked out and validated a description of our experimental
data for the intermediate scattering function at both small and large
g, we are now in position to extract the time dependence of the
mean-squared displacement. Infact, we canassociateatime t=1/(D,g%
to all g where the density fluctuations show a diffusive decay, and we
can then evaluate the mean-squared displacement at that time using
the simple random-walk relation: (r*(¢)) = 6D,t (ref. 38). Similarly, we
can associate from equation (4) a time ¢ = 1/(D2¢*) to all g where the
density fluctuations are subdiffusive (see also Supplementary Fig. 4
and Supplementary Text 3 for further analysis), and we can then evalu-
ate the mean-squared displacement at that time using the relation:
(r2(t)) = 6DtPxww, The two regimes crossat -16 nm™. The values obtained
forthe mean-squared displacement, after normalization for theinter-
molecular distance r, = 0.76 nm (evaluated from the molecular vol-
ume?®®) are reported in Fig. 4c,d for T=181and 176.9 K, respectively. The
shortest timereported here corresponds to the highest g that we have
reached, whereas the longest time corresponds to the shortest inves-
tigated g. Moreover, we also report in Fig. 4¢,d the mean-squared dis-
placement (coloured rectangles), computed from the g-dependence
of therelaxation strength f, (see Supplementary Fig. 3 for details). The
full and dashed lines in Fig. 4c,d are the power laws expected in the a
(rP(0)) = £) and By ((r*(1)) = t*°) regimes, respectively, and are well
consistent with the data. It is remarkable that the mean-squared dis-
placements derived from two different regimes in g display such a
continuous time dependence.

At both temperatures, our data correspond to the portion of
the time dependence of the mean-squared displacement comprised
between the exit from the plateau (which we barely reach) and the
start of the diffusion regime. They clearly show that, although the o
relaxation corresponds to the diffusion regime, as already known and
expected, the B relaxation corresponds to a sublinear regime in the
mean-squared displacement that follows the plateau and precedes the
diffusion regime. In Fig. 4d, we also report the distribution of relaxa-
tion times associated with the B, process (blue area) as extracted from
dielectric measurements®”. The overlap in time between this distri-
bution and the sublinear regime that appears in the mean-squared
displacement is noticeable. Therefore, in 5SM2H, the 3; relaxation
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describe the overall dataset. At T=188 K> 7,4 the contribution of the a relaxation
is sufficient to describe the g-dependence of f(g, t) at each probed time. The
error bars correspond to +1s.d., obtained after data reduction and logarithmic
binning, with uncertainty propagation. The data at 176.9 K combine the results of
twoindependent measuring runs.

corresponds to the critical rattling of the molecules within the cage
of their closest neighbours just before molecular diffusion, borrow-
ing from the classical mode-coupling theory a terminology used for
thevon Schweidler’s regime predicted above the critical temperature
T. (ref. 47). We underline that the sublinear time dependence of the
mean-squared displacement reported in Fig. 4 covers a wide range of
two decades and morein time and reflects the width of the distribution
of relaxation times for the B relaxation: in the framework presented
here, itis the g-dependence of the 3, relaxation that translates a relaxa-
tion peak (as observed, for example, in dielectric spectroscopy) into
apower lawintime.

In Fig. 4d (right axis) we also report the simulation data for a
three-dimensional size-polydisperse mixture of soft repulsive spheres
fromref. 26 (dash-dotted red line, right axis). This dataset was selected
because it corresponds to the same value of 7, (in physical units) asin
our data. Specifically, we selected the mean-squared displacement
at 7=0.085 (in reduced units), for which 7, = 2 ps (one simulation
unit-3 x10™" s (ref. 26)). The consistency between the two datasets is
remarkable. Although these simulation data have not been analysed
similarly to what we do here, the match between the experimental
and simulation data shown in Fig. 4d opens the possibility that the

conclusions that we have reported here for SM2H might be valid for a
broad class of systems.

Although from the available data for SM2H we cannot accurately
estimate the location of the mode-coupling temperature, T, it has
oftenbeenreported that 7.~ 7,; ~1.27, (ref. 48). This suggests that the
sublinear diffusion process that we report here below T,; might also
berelatedto T..Itis theninteresting to observe that recent molecular
dynamics simulations have revealed the emergence across 7. of anovel
subdiffusive regime, responding to a different underlying mechanism
than above T (ref. 49), which might be related to the subdiffusive
regime that we discuss here. This is a critical time and temperature
range to advance our understanding of the mechanisms that lead to
the glasstransition. Forinstance, the onset of subdiffusion has recently
been related to emergent facilitation and correlated dynamics in a
two-dimensional lattice model of glassy behaviour®, and facilitation
is a mechanism that is becoming more and more the focus of recent
investigations’?*. Combining these results with our observations, we
caninfer that the B,; process might be related to facilitation, a fascinat-
ing connection that will require more investigation.

In conclusion, here we propose an experimentally extracted
real-space picture of the B; relaxationin the temperature range where
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Fig. 4| Areal-space view of the secondary relaxation in SM2H. a, Left axis:
diffusion coefficients extracted from the g-dependence of the relaxation time for
5M2H (full blue diamonds, this work) and OTP (full red diamonds, extracted from
the datareportedinrefs.12,39). For OTP, direct measurements of the diffusion
coefficient fromref. 46 (NMR, red circles) and ref. 40 (isothermal desorption, red
squares) are reported as well. Right axis: Stokes-Einstein estimation of the
temperature dependence of the diffusion coefficient based on literature data for
the a relaxation time for SM2H* (dashed blue line) and OTP**"** (dashed red
line). b, Anomalous diffusion coefficient of SM2H (full triangles) as a function of
the T,-scaled inverse temperature. The slope of the datais consistent with the
expected value of £;/(2kg T¢In(10)) (dashed line), where E; is the activation
energy of the B relaxation®. ¢, Time dependence of the mean-squared
displacement at T=181 K computed from both the a and f3,; regimes. The fulland
dashed lines are the power laws expected in the a.and B,; regimes, respectively.
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d, Asincbut for T=176.9 K. Right axis: the dash-dotted red line refers to numerical
simulation data for a three-dimensional size-polydisperse mixture of soft
repulsive spheres fromref. 26. The blue areain d delimited by a dashed line shows
the distribution of relaxation times, G(log(r)), associated to the B,; relaxation of
5M2H as extracted from dielectric spectroscopy data. The base width correspond
to the FWHM of the distribution. The coloured rectanglesin cand d show the
mean-squared molecular displacement estimated from the g-dependence of the
relaxation strengthf; at large scattering vectors (Supplementary Information).
The vertical error barsina (some are smaller than the marker size) and band the
horizontal error barsin cand d correspond to +1s.d. as obtained from the
weighted nonlinear fitting of the experimental data described in the main text. In
candd, the vertical error barsrepresent +1s.d. as obtained by propagating the
uncertainties in the diffusion coefficients (D and D).

it decouples from the structural process. Our results show that the o
and B¢ relaxations cannot be treated astwo independent processes: the
microscopic mechanism affecting density fluctuations evolves from
what we call the B,; process to the o process as the length-scale (and
therefore the timescale) of observation isincreased. The B; relaxation
can be associated with the subdiffusive regime preceding the onset
of the acrelaxation but not independent of it and possibly inducing or
facilitating it. We also stress that, although the results presented here
refer to a typical hydrogen-bonded glass former, 5SM2H—the sample
where we first managed to present a detailed study in the time and
temperature range where the a and By relaxations decouple—they
are consistent with partial results available in the literature for dif-
ferent classes of glass formers'>*****! and are probably generic. We
are, however, aware that still much has to be done to solve the many
remaining inconsistencies. For instance, long simulations using the
Kob-Andersen Lennard-Jones mixture, whichis surely the most used
modelto study the glass transition, do not seemto show the transition
ingbetween the a and the s relaxation that we report here®, thougha
qualitative change in the subdiffusive dynamics across T.is observed®.
We might advocate that this model refers to a rather strong glass for-
mer, for which the B¢ relaxationis known to be weak or rather merged
with the a relaxation®***, though this issue requires further investiga-
tion. Moreover, recent numerical simulations? of anasymmetric dimer
system report that the self intermediate scattering function displays
both the aand B relaxations even above T, unlike our results, which
show that these two processes correspond to two different g-ranges

(length scales). Recent depolarized light-scattering experiments® and
alarge corpus of dielectric spectroscopy data*’, which, however, refer
toadifferent observable, alsoreport evidence of both processesinthe
same spectrum. The distinction between universal and system-specific
effects, as well as the comparison of results across different observa-
bles, remains a challenge which will require sustained, collective efforts
fromthe scientificcommunity studying the glass-transition. We believe
thattheresults reported here contribute to this effort by clarifying the
role of the B process asa precursor of the a relaxationand thusits role
inthe glass transition.
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Methods

Sample

We purchased 5M2H (T, =155 K (ref. 36)) from Sigma-Aldrich (purity
~98%) and used it without further purification. It exhibits a well-resolved
B, relaxation processindielectric spectroscopy, temporally decoupled
fromthe primary structural relaxation above T, and thus is well suited
forinvestigations within the timescale accessible to the TDlexperiment
described hereafter. We studied 5SM2H here in its supercooled liquid
state using a He-flow cryostat that controlled the temperature with
stability £0.05 K.

Theintermolecular nature of the ,; process in SM2H has already
beenestablished in previous work™. Inaddition to the acand B relaxa-
tions, the dielectric spectra of monohydroxyl alcohols exhibit the
so-called Debye peak. This featureisintrinsic to the dielectricresponse
and is generally absent in other response functions, such as in den-
sity fluctuations® or in the orientational susceptibility measured by
photon-correlation spectroscopy®®. Importantly, the activation bar-
rier and the characteristic timescale of the a relaxation obtained from
dielectric spectroscopy (where it is partially obscured by the Debye
peak) and from photon-correlation spectroscopy (where the Debye
contribution is absent) are found to coincide’®. We can therefore con-
clude that the relaxation spectrum of 5M2H is well established.

Time-domain interferometry

In a nuclear y-resonance time-domain interferometry experiment,
nuclear resonant scattering of X-ray radiation from two nuclear absorb-
ers, containing the Méssbauer isotope *Fe and placed upstream
and downstream of the investigated sample, is used to produce a
time-evolving quantum beat>**”*°, The nuclear resonance of *’Fe lies
atanenergy of approximately 14.4 keV, which can be easily reached by
using synchrotronradiation. It has alifetime 7,= 141 ns (corresponding
toanatural linewidth I, =4.66 neV) that matches the timescale of the
B, relaxation of 5SM2H near the glass-transition temperature T,. The
contrast of the TDI beating pattern is modulated by the microscopic
density fluctuations p(q, t) of the sample, and proper data processing
allows the extraction of the intermediate scattering function

(p(q, 0)p(q. 1)) , 6)

fa.0= =L@ o

where p(q, t) is the g-component of the microscopic density at time ¢
(see Supplementary Information for more details).

The present experiment was carried out on the ID18 nuclear
resonance beamline of the European Synchrotron Radiation Facility
(ESRF)*° with the storage ring operating in the four-bunchfilling-mode
(storage ring current /=20 mA). In such an operation mode, the time
interval between two synchrotron radiation pulses is 704 ns. The inci-
dent X-ray radiation was characterized by a bandwidth of 2.3 meV
at the energy of the first nuclear transition of ¥Fe (14.412 keV). The
bandwidth was selected using a high heat-load and a high resolution
monochromator in cascade.

Athree-line TDI setup was used consisting of an a-*Fe foil (thick-
ness10 pm) that generates the two-line probe beam, whereas the refer-
encesingle-line absorber consisted of a pellet containing K,Mg>Fe[CN]
(¥Fe surface density of 1 mg cm™). To reduce the number of nuclear
resonances of a-"Fe to two, we applied a magnetic field of 0.5 T per-
pendicularly to the horizontal scattering plane (see refs. 57,61 for more
details). This scheme was chosen because multi-line TDI experiments
aremore efficient compared with standard two-line schemes and allow
ustodirectly extract the relaxation strength of the probed process®*.

The TDIsignal was collected simultaneously at three different scat-
tering vectors (g) to reduce the total time of the experiment. In detail, we
used three different groups of avalanche photodiode detectors (time
resolution of ~1 ns), each of them probing a different scattering angle.
By changing the position of the detectors with respect to the sample

we could select the g-values of interest. The absence of crystallization
duringdataacquisition was monitored by measuring the static structure
factor of 5-methyl-2-hexanol at the end of everyisothermal acquisition.

Data availability
All data used to generate Figs. 1-4 are available via figshare at https://
doi.org/10.6084/m9.figshare.31814242 (ref. 62).
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