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Abstract The slow dynamics of microscopic density correlations in supercooled glycerol
was studied by time-domain interferometry using 57Fe-nuclear resonant scattering gamma
rays of synchrotron radiation. The dependence of the relaxation time at 250 K on the
momentum transfer q is maximum near the first peak of the static structure factor S(q) at
q ∼ 15 nm−1. The q-dependent behavior of the relaxation time known as de Gennes nar-
rowing was confirmed in glycerol. Conversely, de Gennes narrowing around the second and
third peaks of S(q) at q ∼ 26 nm−1 and 54 nm−1 was not detected. The q dependence
of the relaxation time was found to follow a power-law equation with power-law index of
1.9(2) in the q region well above the first peak of S(q) up to ∼ 60 nm−1, which corresponds
to angstrom scale, within experimental error. This suggests that in the angstrom-scale
dynamics of supercooled glycerol, independent motions dominate over collective motion.

Keywords De Gennes narrowing · Glycerol · Nuclear resonant scattering · Time-domain
interferometry

1 Introduction

The study of microscopic dynamics of supercooled glass formers is critical to understanding
the nature of glass transition [1, 2]. In particular, the diffusional relaxation process known
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as α process has been considered to be closely related to the glass transition. In fragile
glass formers, the α-relaxation time increases with cooling following the Vogel–Fulcher–
Tammann law. This divergence is attributed to the growth of the cooperative rearrangement
region (CRR), where molecules move cooperatively. Therefore, it is expected that the
motional collectivity of the α process is developed with decreasing temperature. Conversely,
another process known as the slow β process (Johari–Goldstein process) seems to branch
from the α process with cooling in the relaxation map and can be observed even in the glass
state [3]. The slow β process seems to be a local activation process; however, the origin
is not fully understood. Understanding the hierarchy dynamics with structural assignment
of the origin is a key to understand the glass transition mechanism. Quasi-elastic scattering
measurements give the relaxation time of the microscopic structures specifying the spatial
scale of the structure to be studied. The spatial scale is selected by setting the detection angle
of the scattered beam to the corresponding angle. The momentum transfer q is related to
the spatial scale l of the scatterer as q ∼ 2π/l. Then, the energy broadening of the scattered
beam due to the diffusion in the sample is studied at the selected angle. The broadening
relates to the relaxation time of the microscopic scatterer, and the dependence of the relax-
ation time on q shows the microscopic dynamical picture in detail. Half a century ago, de
Gennes predicted that the q dependence of the α-relaxation time of the collective motion
shows the maximum at around the first peak of the static structure factor S(q) [4]. The con-
figuration of a molecular pair with distance related to the first peak of S(q) is more stable
than other similar configurations with slightly different distances. This is a simple expla-
nation of the q behavior, which is known as de Gennes narrowing. This phenomenon has
been actually observed in liquids [5–7]. However, the observations covered a limited tem-
perature region near the melting point. This is partly because of the limitations in q and
time accessibilities by conventional methods, such as the neutron spin echo (NSE) method.
Clearly, it is challenging to study if motional coherency enhanced by cooling modifies the
shape of de Gennes narrowing in deeply supercooled liquids. Therefore, the q behavior of
the relaxation time in the relatively deeply supercooled state requires to be studied. Another
interesting task is to understand the microscopic behavior of supercooled liquids from the
molecular (sub nm) to the atomic (angstrom) scales, which have never been fully accessed
in the time scale of 100 ns.

NSE method enables us to observe the collective motion at time scales shorter than
nanoseconds. In addition, the Rayleigh scattering of Mössbauer radiation (RSMR), which
is a quasi-elastic scattering method that uses the gamma rays from a radioactive isotope
(RI), has been used to study the microscopic slow dynamics [8]. In this method, gamma
rays from the first excited state of 57Fe nuclei, whose energy is 14.4 keV (the momentum
is 73 nm−1) with natural energy width of 4.67 neV, is typically used as the probe photon of
the quasi-elastic scattering. Thus, the microscopic dynamics of time scales in the order of
100 ns, which is a unique time scale and not easily accessed by other quasi-elastic scatter-
ing methods, can be studied. However, the RSMR requires very long times (e.g., one week)
because the RI sources emit gamma rays uniformly in all directions and only the quasi-
directive gamma rays passing through a slit can be used. Therefore, studies such as the q

dependence of the relaxation time have been hardly performed. Time-domain interferome-
try (TDI) using the nuclear resonant scattering (NRS) gamma rays of synchrotron radiation
(SR) is the time-domain analogue of the RSMR based on SR source [9–11]. Because coher-
ently emitted gamma rays in the forward direction inherit the directionality characteristic
of SR, the TDI method allows for more efficient quasi-elastic scattering experiment. Using
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Fig. 1 TDI experimental setup using NRS gamma rays from the first nuclear excited state of 57Fe at
BL09XU in SPring-8. See main text for details

TDI, we studied the microscopic dynamics in glycerol and the slow dynamics in the 100
ns region up to q ∼ 60 nm−1. The q value of 60 nm−1 corresponds to the angstrom scale
suggesting that atomic dynamics could be observed in the nanosecond time scale.

2 Experiment

The TDI experiments were performed at the NRS beamline (BL09XU) of SPring-8 in Japan.
The TDI experimental setup is shown in Fig. 1. The energy width of the incident radi-
ation was set at ∼ 3.5 meV at the excitation energy of the first nuclear excited state of
57Fe using a high-resolution monochromator (HRM) comprising asymmetric Si (511) and
Si (975) channel-cut crystals. The measurements at q below 41 nm−1 and above 48 nm−1

were performed at different beam times. The storage ring was operated in the several-bunch
timing mode (1/7-filling + several 5-bunch mode with bunch interval of 684.3 ns for q

below 41 nm−1 and 1/14-filling + several 12-bunch mode with bunch interval of 342 ns for
q above 48 nm−1). Upstream and downstream from the sample, K2Mg57Fe(CN)6 plates,
whose 57Fe density is 1.0 mg/cm2, were placed. The upstream K2Mg57Fe(CN)6 plate was
driven using a velocity transducer with constant velocity of ∼ 15 and 20 mm/s, respec-
tively, for the measurements at q below 41 nm−1 and above 48 nm−1. Conversely, the down-
stream K2Mg57Fe(CN)6 plate was kept stable. Spectroscopic grade glycerol was purchased
from Sigma-Aldrich and used for the experiment. The temperature of the sample was con-
trolled by a He-flow cryostat. A multielement Si-avalanche photodiode (APD) detector was
used for counting the NRS gamma rays. Time spectra were simultaneously measured at four
scattering angles by one APD detector. The microscopic relaxations of glycerol are reflected
on the time spectrum of the NRS gamma rays as the disappearance of the quantum beat pat-
tern caused by the interference between the gamma rays from the upstream and downstream
K2Mg57Fe(CN)6 plates. The time dependence of the disappearance is related to the inter-
mediate scattering function F(q, t). The TDI time spectra were measured at 250 K at 19 q

points between 10 and 58 nm−1. This temperature is well below the melting point of ∼ 291
K and above the glass transition temperature Tg of ∼ 184 K. Typical TDI time spectra are
shown in Fig. 2. Least squares fittings were performed using the equations available else-
where [10, 11]. The Kohlrausch–Williams–Watts (KWW) function exp

{−(t/τ )βKWW
}
was

used as the relaxation function with a fixed stretching parameter βKWW of 0.7 for glycerol
at approximately 250 K [13], where τ is the relaxation time and t is time. A small change in



 22 Page 4 of 8 Hyperfine Interact  (2016) 237:22 

Fig. 2 Typical TDI time spectra and fitting curves at several q at 250 K for glycerol

βKWW hardly affects the results. From the obtained τ , the mean relaxation time is calculated
according to 〈τ 〉 = τ�(1/βKWW)/βKWW, where � is the gamma function [14].

3 Results and discussion

In Fig. 3, we show the q dependence of the scattering intensity data I (q) and the q depen-
dence of 〈τ 〉 at 250 K. The S(q) data obtained at 250 K from a previous study [15]
considering our q resolution is also shown. Three peaks were observed at q ∼ 15, 26, and
54 nm−1 in both S(q) and I (q) data. The first peak at ∼ 15 nm−1 is related to the inter-
molecular correlation, whereas the other peaks are related to the intramolecular correlation.
First, we focus on the origin of the detected relaxations. In o-terphenyl and polybutadiene,
it has been observed that the relaxation times obtained at the first peak of S(q) and higher
q start to decouple with cooling at a certain temperature Tαβ because of the emergence of
the slow β process [16–18]. Well above Tαβ , the diffusional α process causes the relaxation
of both intermolecular and local correlations. Conversely, well below Tαβ , the relaxation
of local correlations is mainly caused by the slow β process because its relaxation time is
much shorter than the relaxation time of the α process. The existence of the slow β process
in glycerol is controversial [19]. Tαβ of glycerol is, if it exists, expected to be around the
dynamical crossover temperature Tc ∼ 228 K from the empirical relation Tc ∼ 1.2Tg [20].
Because the temperature of 250 K is well above the estimated Tc and Tαβ and the relaxation
time in Fig. 3 shows smooth q dependence in the entire q region, the relaxation observed at
higher q than the first peak of S(q) is attributed to the α process at this temperature.
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Fig. 3 q dependence of the mean relaxation time 〈τ 〉 at 250 K. The solid line with the plus symbols and
the bold line represent the q dependence of the scattering intensity I (q) and the static structure factor S(q)

at 250 K [15], respectively. The solid line denotes fitting to 〈τ(q)〉 by a power-law equation in the q region
above 20 nm−1. The inset shows the temperature dependence of the power-law index n [23]

Next, we consider the q dependence of 〈τ 〉. In Fig. 3, 〈τ(q)〉 is maximum around the
first peak of S(q). de Gennes narrowing is assumed as the origin. However, there is no gen-
eral formula to express de Gennes narrowing. In the simplest monoatomic liquids, 〈τ(q)〉 is
expressed as 〈τ(q)〉 ∝ S(q)〈τinc(q)〉 [21]. 〈τinc(q)〉 is the incoherent relaxation time, which
is related to independent motion, and is fit with a power-law equation (〈τinc(q)〉 ∝ q−n,
where n is the power-law index) [21]. We replot the 〈τ(q)〉/S(q) in Fig. 4 and show the
result of the least squares fit with the power-law equation (bold line). We first consider the
q region around the first peak of S(q). 〈τ(q)〉/S(q) roughly follows the power-law equation
even at 250 K. Therefore, the 〈τ(q)〉 behavior is attributed to de Gennes narrowing. How-
ever, the fit deviates around the first peak of S(q). This deviation is partly caused by the
lack of coincidence of the first peak position of S(q) and the maximum relaxation time also
seen in polybutadiene [6]. Thus, clearly, a more detailed model is required. In the high q

region around 40 nm−1, 〈τ(q)〉/S(q) also clearly deviates from the fitting curve. This sug-
gests that the assumed relation 〈τ(q)〉 ∝ S(q)q−n is not correct in the high q region. Using
another model, we consider the microscopic dynamics at the q region higher than the first
peak of S(q). In this q region and at relatively higher temperatures, the q dependences of
the coherent and incoherent relaxation times can be well described by a power-law equation
[22]. Even in deeply supercooled o-terphenyl near the decoupling temperature, a power-law
equation well describes the q dependence of the relaxation time [17] so that 〈τ(q)〉 itself is
proportional to 〈τinc(q)〉 ∝ q−n. The fitting results in Fig. 3 well describe the measured
relaxation times 〈τ(q)〉 from 20 to 60 nm−1 with power-law index of 1.9(2). This n value
is close to the values of 1.9(4) and 2.1(6) reported for 260 K and 265 K, respectively [23].
In the inset of Fig. 3, we plot the temperature dependence of n, and it is seen that the q

dependence of 〈τ 〉 follows the relation 〈τ(q)〉 ∝ q−n at 250 K, where n is around 2. In
o-terphenyl case, the large n ∼ 3 observed in the q region well above the first peak of S(q)

(from ∼ 20 nm−1 to ∼ 50 nm−1) at 265 K suggesting change in the dynamical behavior
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Fig. 4 q dependence of the mean relaxation time 〈τ 〉 at 250 K, where 〈τ(q)〉 is normalized by the static
structure factor S(q) at 250 K. The dashed line represents S(q). The solid line shows the fitting to 〈τ(q)〉. by
assuming power-law q dependence in the entire q region

from liquid-like (n ∼ 2) to glass-like (n > 2) in the deeply supercooled state [17]. At 250 K,
relatively near Tg, the local motion in glycerol still shows liquid-like behavior.

de Gennes narrowing was not detected at the second and third peaks of S(q), and we
need to consider the reason. It is expected to be observed if molecules prefer particular con-
formations and the coherent scattering originating from such local structures is sufficiently
intense compared with contributions from other structures. Regarding the local structure of
glycerol, hydrogen bonding is the dominant interaction and the distance between oxygen
atoms, which is sensitive to the gamma rays (X-rays), is 0.24–0.32 nm. The hydrogen bond
is a good candidate for the origin of the de Gennes narrowing at the q region of 20–26 nm−1.
However, locally, there are many local structures of various length scales and the switching
of the hydrogen bond can trigger the relaxation of these structures by inducing conformation
changes. Therefore, de Gennes narrowing is presumably hidden by many other relaxations
and too weak to be observed at the high-q region. Similar conclusions have been reached
for polybutadiene [6]. As a result, 〈τ(q)〉 is dominated by the independent motion in the q

region without clear maximum. This situation at the high-q region is different from that at
the first peak of S(q), where there is an almost unique intermolecular length scale.

The dynamics in the order of nanoseconds in the q region up to ∼ 60 nm−1 has not
been studied to date because it is too slow for many methods, e.g., inelastic neutron, NSE
or X-ray scattering methods at the q range. In this study, the angstrom-scale dynamics was
found to follow the power-law q behavior even at 250 K with n ∼ 2 in the case of glycerol
using gamma rays with angstrom wavelength and neV-energy resolution. Problems to be
addressed in the future are (i) the change in the shape of de Gennes narrowing near Tg
because of the increase in the CRR size, (ii) the slow β process in glycerol, and (iii) the q-
dependent behavior at the high-q region in deeply supercooled glycerol to understand the
angstrom-scale dynamics in glycerol.
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4 Conclusions

In the time region around 100 ns, the microscopic relaxation time of a supercooled liquid
was obtained up to ∼ 60 nm−1, which corresponds to the angstrom scale. As a result, de
Gennes narrowing was confirmed in glycerol around the first peak of the static structure
factor S(q) at 250 K. However, it was not observed around the second and third peaks
ofS(q). Instead, in the q region well above the first peak of S(q), the q dependence of the
relaxation time was found to follow a power-law equation with a power-law index of 1.9(2).
This suggests that independent motion is dominant compared with the collective motion in
the angstrom-scale dynamics of supercooled liquids.
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