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ABSTRACT: Here we report high-precision measurements of
structural relaxation dynamics in the glass transition range at
the intermediate and short length scale for a strong sodium
silicate glass during long annealing times. We evidence for the
first time the heterogeneous dynamics at the intermediate range
order by probing the acoustic longitudinal frequency in the
GHz region by Brillouin light scattering spectroscopy. Or, from
in−situ Raman measurements, we show that relaxation is
indeed homogeneous at the interatomic length scale. Our
results show that the dynamics at the intermediate range order
contains two distinct relaxation time scales, a fast and a slow
component, differing by about a 10-fold factor below Tg and
approaching to one another past the glass transition. The slow
relaxation time agrees with the shear relaxation time, proving that Si−O bond breaking constitutes the primary control of
structural relaxation at the intermediate range order.

■ INTRODUCTION

Intense studies of glass-forming materials have unfolded a
comprehensive picture of the dynamical slowing-down during
supercooling.1−14 For SiO2, often considered as the proto-
typical strong glass-former, a picture of simple activated
dynamics is reasonable, with an almost constant activation
energy of about 180 kcal/mol.15 This indicates that the same
underlying mechanism of Si−O bond breaking and reformation
is at work throughout the entire process.16 However, in other
materials, such as fragile glass-formers, this simple picture fails
because of the non-Arrhenius temperature dependence of
dynamics. Mechanisms of structural relaxation often assume
that groups of molecules rearrange in a cooperative
manner.17−19 Furthermore, it has been postulated that
relaxation dynamics in glasses and supercooled liquids is
spatially heterogeneous; that is, the dynamics of group of
molecules in one region can be orders of magnitude faster than
that of others in another region only a few nanometers
away.8,9,12,20 Thus, the existence of slow and fast dynamics in
the glassy state should also result in annealing rates for these
different regions.20

In other strong glass formers such as alkali silicate, structural
relaxation studies are seldom reported in the literature. Most
experiments have traditionally been carried out with
dilatometry, enthalpy relaxation, and other methods that
probe the macroscopic mechanical or thermal properties of
theses glasses.21,22 In the vicinity of Tg, relaxation times
determined from these experiments have been shown to be

identical to the shear relaxation times obtained from viscosity,21

which led to the conclusion that, at least at the probed length
scale, the underlying relaxation mechanism is the same, and Si−
O bonds are being broken during the relaxation process.
However, most of these studies focused only on empirical or

phenomenological characterizations of relaxation dynamics,
whereas a complete description of structural relaxation
phenomena in these structural heterogeneous systems requires
knowledge of dynamics at the atomic and mesoscopic length
scale as well.
In this paper, we report direct observation of structural

relaxation dynamics and annealing effects over different length
scales in the strong glass former sodium silicate. Thus, by
coupling information provided by two optical techniques,
Brillouin and Raman light scattering spectroscopies, Brillouin
light scattering (BLS) spectroscopy provided information over
the length scale on the order of the relevant acoustic
wavelength while Raman spectroscopy provided information
about structural relaxation and annealing dynamics on the
molecular length scale. We give evidence of heterogeneous
dynamics near the glass transition at the intermediate range
order, obtained by probing the propagation of acoustic waves in
the GHz region through BLS spectroscopy during annealing.
In-situ Raman spectroscopy measurements further reveal that

Received: January 31, 2013
Revised: March 12, 2013
Published: April 10, 2013

Article

pubs.acs.org/JPCB

© 2013 American Chemical Society 5757 dx.doi.org/10.1021/jp401112s | J. Phys. Chem. B 2013, 117, 5757−5764

pubs.acs.org/JPCB


the relaxation dynamics is indeed homogeneous at the short-
range order.

■ EXPERIMENTAL SECTION
Glass Synthesis. The glass chosen for this study is

(Na2O)0.27(SiO2)0.73. The inclusion of Na+ ions in the SiO2
network does not induce a remarkable change of the fragility
parameter (m ≈ 37)22 with respect to pure v-SiO2 (m ≈ 20),
and it shows a strong shift from the decomposition dome.23

Ingots of glass samples were prepared by melt of SiO2 (99.9%)
and Na2CO3 (99.9%) in a Pt−Rh crucible at about 1900 K for 4
h (to eliminate all gas bubbles from the melt and obtain
homogeneity) and then poured into a stainless-steel mold kept
at room temperature. The as-quenched ingots of glass were cut
by a diamond saw into 2 × 2 × 1 mm3 samples and optically
polished.
Measurements and Experimental Procedures. Brillouin

spectra were recorded in a backscattering geometry. The
incident light was produced by a single mode Ar+ laser
operating at 514.5 nm. The spectra were recorded with a six-
pass tandem Fabry−Perot interferometer (JRS).24 Typical
Brillouin spectra in backscattering geometry consist of an
elastic peak (Rayleigh line) plus a Brillouin doublet. In order to
extract the frequency shifts, each spectrum was adjusted to an
elastic line plus a standard damped harmonic oscillator
response (Dho), convoluted with the separately measured
instrumental response. A typical Brillouin spectrum and the
corresponding fitting model are shown in Figure 1a.
In the first set of experiments, the Brillouin spectra were

recorded from room temperature up to ∼780 K (Tg + ∼70 K)
at a heating rate of 5 K/min for an as-quenched (aQ) glass
sample. The (aQ) glass was kept at this temperature for 2 h and
then slowly cooled down to room temperature. The resulting
glass sample, referred to as annealed sample (A), was then
reheated at a rate of 5 K/min up to 780 K, and the Brillouin
spectra were registered again.
In the second set of Brillouin light scattering experiments,

the spectra were recorded isothermally (i.e., at a fixed
temperature) as a function of time (up to 72 h) after a fast
jump (50 K/min) from room temperature to the chosen
annealing temperature (653, 686, 693, 700, 718, 720, and 728
K). For each experiment, a new (aQ) glass sample was used.
Acquisition times of 300 cycles were used (∼3 min) for each
spectrum with a waiting time of 3 s between consecutive
spectra. Up to 1000 spectra were recorded for long experi-
ments, thus considerably improving the statistics.

In-situ Raman spectra were recorded with a confocal InVia
Reflex Renishaw in backscattering geometry, with the 514 nm
line of an argon laser using a long working distance objective
(×20). The Raman scattered light was dispersed with a
holographic grating with 1800 lines/mm and detected with a
charge-coupled device (CCD) camera. All Raman spectra were
obtained in the VV polarization configuration (parallel
polarizations of incident and scattered light) and with an
acquisition time of 300 s with one accumulation. Raman spectra
were registered isothermally for the (aQ) glass, after a fast jump
(50 K/min) from room temperature into the chosen
temperature (700 K) for 34 h. The temperature was controlled
using a TS 1500 Linkam micro-oven device. Figure 1b (upper
panel) shows a typical Raman spectrum collected at 700 K after
5 min of annealing. The spectral background was removed by
fitting a second order polynomial to the spectral region of
1250−1800 cm−1, where no Raman peaks are present,
extrapolating the polynomial to lower frequencies and
subtracting it from the spectrum. The spectra were scaled to
a maximum intensity of 1 and not corrected by the Bose−
Einstein factor, as we only compare spectra obtained at
constant temperature during annealing (Figure 1b) (lower
panel).

■ RESULTS
Intermediate Range Order. Figure 2 shows the Brillouin

frequency shift νB as a function of temperature for the as-
quenched (aQ, solid circles) and annealed (A, squares) glass
samples, recorded during the first set of experiments (heating
rate 5 K/min). The data shows that the longitudinal Brillouin
frequency curves νB(T) of both glasses present an inflection
point appearing at ∼710 K which is the manifestation of the
glass−liquid transition at Tg at the experimental time scale
(characteristic of BLS 10−10 s). Moreover, the annealed glass
(A) shows a higher Brillouin frequency νB than the as-quenched
one (aQ) over all the temperature domain below Tg, showing
that annealing causes the (aQ) glass sample to relax to the (A)
state, where νB is up to about 1.6% higher than the initial (aQ)
state. A close inspection of data reveals a small change of slope
of the (aQ) Brillouin frequency curve at temperatures between
660 and 700 K. This corresponds to a temperature range where
the characteristic time(s) of the structural relaxation becomes
comparable to the holding time set by the slow heating rate (5
K/min). Above Tg, network relaxation becomes faster, and
equilibrium is quickly achieved. Hence, no difference has been
observed between both glasses (Figure 2). The gradual

Figure 1. (a) Representative Brillouin light scattering (BLS) spectrum of (Na2O)0.27(SiO2)0.73 at room temperature (open circles) together with the
best-fit line-shape. (b) Upper panel: Raman spectrum of (Na2O)0.27(SiO2)0.73 at 700 K after 5 min annealing. Lower panel: corrected spectrum
(background removed and scaled to a maximum intensity of 1). The vertical arrow shows the maximum of the band corresponding to the Q2 species.

The Journal of Physical Chemistry B Article

dx.doi.org/10.1021/jp401112s | J. Phys. Chem. B 2013, 117, 5757−57645758



decrease of νB for both glasses in (aQ) and (A) states upon
heating is a blueprint of anharmonic effects observed in such
glass system and other oxide glasses in the gigahertz frequency
range.25−27 Our relaxation experiments consisted in a fast
temperature rise (50 K/min) from room temperature to a given
temperature in the glass transition region, followed by an
isothermal annealing where we monitor the relaxation dynamics
of the glass by BLS as a function of time. Figure 3 displays a

typical time evolution of the Brillouin spectra in the 28.5−32
GHz frequency region for an (aQ) glass during annealing at
686 K. As one can see, Brillouin frequency shows an evolution
toward higher frequencies until saturation (Figure 3).
Figure 4a displays the measured isothermal relaxation

dynamics of the Brillouin frequency at four temperatures
below Tg as a function of the annealing time. The exponential
peeling method (illustrated for one representative kinetics in
the inset in Figure 4a) shows that the data clearly follow a
double-exponential relaxation profile of the type

ν ν= − −τ τ∞ − −t w w( ) e eB B
t t

1
/

2
/1 2 (1)

where νB
∞ is the asymptotic frequency, τ1 and τ2 are the

relaxation times, and w1 and w2 describe the corresponding
exponential weights. The two time scales (τ1 and τ2) obtained
from fitting the data with eq 1 appear to be separated by a 10-
fold factor, as shown in Figure 5, while the associated weights

(w1 and w2) are roughly the same and appear rather
temperature-independent (see caption of Figure 4a). We
remark that, for temperatures below Tg, a stretched-exponential
curve of the type νB(t) = νB

∞ − w exp[−(t/τ)β], with 0 ≤ β ≤ 1,
could not account for the measured relaxation over the whole
temperature range, as it systematically yielded overstretched
relaxations, with best-fit values of β as low as 0.1. This typically
occurs when few and well distinct relaxation time scales are
present (as in our case), as opposed to the case of multiple and
closely spaced time scales, confirming the soundness of our
theoretical approach. The error bars Δτ1 and Δτ2, as shown in
Figure 5, have been estimated as follows. First, we generated
artificial relaxation data with fixed decay times τ1 and τ2, with τ2
= 10τ1. To the double-exponential relaxation we then added
Gaussian noise matching the experimentally observed one,
estimated from the standard deviation of the residuals to the
fits. Then a calibration table was built by fitting increasingly
long portions of the surrogate data and recording the statistical
errors on the best-fit values of the time constants as a function
of the length of the fitted time series. Fits were performed with
the nonlinear least-squares Marquardt−Levenberg algorithm.
Accordingly, statistical uncertainties in the fitting parameters
were obtained from the diagonal elements of the inverse of the
χ2 Hessian matrix. The calibration curves constructed through
this procedure have been subsequently used to estimate Δτ1
and Δτ2 by matching the actual length of the measured
relaxation data sets within the calibration table.
Things appear to change as the glass transition is reached. As

expected, in this temperature region the evolution toward
equilibrium is much faster (Figure 4b). We found that the more
reliable way to estimate τ1 and τ2 was to recognize, in
agreement with the data, that the measured kinetics do not vary
appreciably over the 10 K measured temperature span.
Consequently, we can reduce the uncertainties associated
with the fitting procedure by fitting the average relaxation
curve. In Figure 5 we report the corresponding best-fit values τ1
= 22.4 min and τ2 = 2.5 h. The error bars match in this case the
observed variation of τ1 and τ2 obtained by fitting the three
kinetics (Figure 5). The relaxation curves above Tg are shown
in Figure 4b, together with the double-exponential fits
performed by keeping the two time scales fixed at the average
relaxation times and letting the other parameters float. It is
interesting to observe that the measured kinetics above the
glass transition are coherently equally well fitted by (i) two
closely spaced exponentials and (ii) a single stretched
exponential of the type (eq 2) with β = 1/2.

ν ν τ= − − β∞t w t( ) exp[ ( / ) ]B B (2)

Interestingly, the fit with the stretched exponential to the
average relaxation gives τ = 52 min ≈ (τ1τ2)

1/2 and w ≈ 0.38.
Physically, the emerging picture is that the two relaxation
processes associated with well separated time scales below Tg
are now merging into a rather temperature-insensitive
mechanism. Thus, the observed heterogeneity is strongly
attenuated above Tg, and its characteristic length scale seems
to rapidly decrease upon increasing temperature.

Short-Range Order. The question that should be
addressed is whether the heterogeneous dynamic behavior is
also present in the short-range order. To answer this question,
we additionally carried out an annealing experiment at 700 K in
the (aQ) glass following the same experimental procedure (50
K/min) and probing the interatomic range order by micro-
Raman spectroscopy.

Figure 2. Brillouin frequency shift νB of as-quenched (aQ) (solid
circles) and annealed (A) (squares) glass samples versus temperature.
The vertical dotted line indicates the glass transition Tg as estimated by
BLS.

Figure 3. Time−Brillouin frequency contour plot of BLS intensity for
the (aQ) sample heated at 686 K. The x-axis is the Brillouin frequency
(28.5−32 GHz), the y-axis is the annealing time, and the z-axis (color
scale) corresponds to BLS intensity.

The Journal of Physical Chemistry B Article

dx.doi.org/10.1021/jp401112s | J. Phys. Chem. B 2013, 117, 5757−57645759



Figure 1b shows a typical Raman spectra recorded after 5
min of annealing at 700 K. The high frequency region between
850 and 1200 cm−1 reports structural information about short-
range order.30−32 We have used a nonlinear least-squares fitting
routine to fit this spectral region to Gaussian components. We
find a good fit, with four Gaussian components centered at 947,
1040, 1100, and 1144 cm−1. All band parameters (frequency,
half-width and intensity) are independent variables in the fitting
routine. Our spectrum decovolution is comparable to those
reported in previous studies for a very broad range of high-
concentration alkali silicate glasses.31−34 A typical fit is shown in
Figure 6a. In (Na2O)0.27(SiO2)0.73 glass, previous Raman and
NMR data reveal the coexistence of Qn structural units, where n
is the number of bridging oxygens cross-linking the silica
tetrahedra and 4 − n is the number of nonbridging oxygens
(NBO).31−35 The bands near 947 and 1100 cm−1 are assigned
to Si−O− stretching motion in respectively Q2 and Q3

structural units.30,34,36,37 The band centered at 1144 cm−1 is

assigned to Si−O stretching motion in fully polymerized
structural units (Q4).30,34,36,37 The assignment of the 1040
cm−1 band is somewhat controversial. On the basis of
comparison of Raman spectra of vitreous SiO2 and other
silica-poor compositions, Lasaga38 and Mysen et al.39,40

suggested that this band could be assigned to a Si−O stretching
vibration arising from bridging oxygen but not necessarily
residing in fully polymerized structural units, whereas other
authors assigned it to a vibration associated with alkali
cations.41 Even though the assignment of this band is
problematic, its presence is definitely required from the
viewpoint of deconvolution with symmetric Gaussian lines.
As shown in Figure 6b, changes of the vibrational signature as a
function of time during annealing are very smooth. Careful
examination of this data shows that changes in the spectra do
indeed occur and affect the intensity of the peak at 947 cm−1

(assigned to the stretching vibration of Q2 structural units),
relative to the peak at 1100 cm−1 (inset in Figure 6b). The

Figure 4. (a) Relaxation curves of (aQ) samples as a function of the annealing time after a fast temperature step (50 K/min) from room temperature
to T < Tg (curves have been shifted vertically for clarity). Filled points mark the data, while solid lines are fits to eq 1. Best-fit values of the weights
w1, w2 are as follows: 0.21, 0.22 (T = 653 K), 0.20, 0.24 (T = 686 K), 0.22, 0.20 (T = 693 K), 0.20, 0.20 (T = 700 K). The inset illustrates the
exponential peeling decomposition for the kinetic at T = 653 K. Here ΔνB(t) = νB

∞ − νB(t) is plotted on a semilogarithmic scale. The dashed line is
the slow exponential law f 2(t) = w2e

−t/τ2 (see again eq 1). Empty circles reveal the fast relaxation, obtained as ΔνB(t) − f 2(t). The solid line is the
corresponding fit to the exponential w1e

−t/τ1. (b) Relaxation curves of (aQ) samples as a function of the annealing time after a fast temperature step
(50 K/min) from room temperature to T > Tg. Filled points mark the data (evolution of the Brillouin shift). The solid lines are fits to eq 1 with fixed
relaxation times τ1 = 22.4 min and τ2 = 2.5 h (average relaxation times of the three kinetics). Best-fit values of the weights w1, w2 are as follows: 0.16,
0.14 (T = 718 K), 0.07, 0.18 (T = 720 K), 0.17, 0.16 (T = 728 K).

Figure 5. Best-fit values of the relaxation times τ1 and τ2 measured by
BLS for the structural relaxation of (Na2O)0.27(SiO2)0.73 as a function
of the annealing temperatures. Above Tg we report the average
relaxation times for the three kinetics at T = 718, 720, and 728 K. The
relaxation time of the Q2 species measured by Raman spectroscopy for
the (aQ) sample is displayed as an open star, while the one obtained
from the literature28 for (K2O)0.33(SiO2)0.67 is shown as an open
triangle. The right-pointing-arrow indicates the measured relaxation
time29 for SiO2 at T = 1373 K. Dotted lines are guides to the eye.

Figure 6. (a) Example of typical curve-fitted, high frequency region of
(Na2O)0.27(SiO2)0.73 (taken after 5 min of annealing at 700 K). (b)
Selected Raman spectra taken after different annealing times. The
intensities are calculated relative to the greatest intensity within each
spectrum. The inset shows the evolution of the peak maxima at the
947 cm−1 band, corresponding to Q2 species.
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visualization as the intensity map of Figure 7a allows revealing
these small but unambiguous changes, owing to the gain of
statistics given by the juxtaposition of numerous spectra. The
relative Raman intensity of this band as a function of the
annealing time displays a simple exponential decay:

τ= + −∞I t I a t( ) exp[ ( / )]Q2 (3)

where I∞ is the asymptotic intensity, a is the exponential
weight, and τQ2 ≈ 3 h is the relaxation time (Figure 7b).
Compared to the relaxation times obtained from BLS, τQ2 falls
close to the fast BLS relaxation time scale τ1 (open star in
Figure 5) and is about 1 order of magnitude faster than the
slow relaxation dynamics. The decrease in peak intensity would
indicate a reduced abundance of Q2 species as the as-quenched
(aQ) glass sample changes configuration upon approaching
equilibrium. This change in abundance of Q2 units suggests that
the disproportionation reaction (eq 4) shifted to the left with
annealing.

⇌ +Q Q Q2 3 2 4 (4)

However, as the changes are very small and bands assigned to
Q3 and Q4 units are overlapped within the high frequency
envelope, a quantitative description of this re-equilibration from
Raman data requires knowledge of the relationship between the
band intensities and species concentrations dependence at
different annealing temperatures.
The τQ2 relaxation time scale is very close to the one reported

by Malfait et al.28 for K2O−SiO2 with 29.4 and 33.3% K2O.
Furthermore, the relaxation dynamics of Q2 in both glass
systems at the same temperature range (T/Tg ≈ 0.9) are both
exponential (β = 1). Thus, structural relaxation in these glass
systems at this temperature range is far to be affected by the
nature of the oxide modifier (Na2O or K2O), as confirmed from
electrical conductivity measurements, where the sodium
mobility involves much shorter time scales.42,43

Information from Raman spectra about structural relaxation
in the intermediate range order seems to be difficult for two
reasons: (i) the mode ascribed to intertetrahedral Si−O−Si
bending motion is highly attenuated for this glass composition,
and (ii) several vibrational modes may contribute to the Raman
intensity in the spectral region where information on the
intermediate range structure can be extracted. However,
referring to silica, some of the present authors have shown
that structural relaxation involves changes in the interterahedral
Si−O−Si angles,29 with a relaxation time (τQ4) of about 17 h at

temperatures below Tg (T/Tg ≈ 0.9). Tomozawa et al.44 have
reported similar relaxation time (∼15 h) of vibrational features
of silica at the interatomic scale using infrared (IR) spectros-
copy. Comparing these relaxation time scales to our measured
τ2, one can immediately see that these times are in good
agreement.

■ DISCUSSION

Several relaxation studies have confirmed the heterogeneous
relaxation dynamics in the so-called Fragile glass formers, which
include polymers, and most molecular glass-formers.1−14 There
is, however, weak knowledge on the dynamics of the so-called
Strong glass formers, such as alkali−silicate glasses. Most of the
relaxation experiments performed on alkali−silicate glasses have
probed structural relaxation indirectly and have been limited to
the interpretation of a macroscopic property as a function of
temperature and time.21,22 Presently, we have probed the
structural relaxation dynamics in a typical sodium silicate glass
at different length scales during annealing. We have evidenced
the heterogeneous relaxation dynamics at the intermediate
length scale with a continuous monitoring of the propagation of
the longitudinal acoustic waves, while we have shown from
Raman data that relaxation dynamics is indeed homogeneous at
the interatomic length scale. At the intermediate length scale,
we have identified two well distinct relaxation time scales,
involving a slow and a fast process. At the short length scale, the
determined relaxation time attributed to the stretching
vibration of the Q2 species is of the same order as the fast
relaxation dynamics identified at the intermediate length scale.
Decoupling the observed relaxation from the very common

Johari−Goldstein (JG) β relaxation is of great interest.45,46

However, in strong glass-formers (such as sodium silicate), the
dielectric loss spectrum lacks a peak or shoulder on the high
frequency side, and it has been found to be impossible to
distinguish it from the primary (α) relaxation.47−49 Many
explanations have been suggested by different authors. Some
authors assume that JG relaxation does not exist for these glass
formers at all,50,51 while others attribute the lack of the JG peak
to the fact that this peak is hidden by the α peak in the
dielectric loss curves.52 In hyperquenched GeO2 (m ∼ 17−20),
W. Hu et al. reported a very sophisticated experimental
relaxation study and found that JG relaxation is hidden by the
primary α relaxation.52 In the frame of this description, we
suggest that in our established relaxation all the secondary
relaxation units might contribute to the primary α relaxation. In

Figure 7. (a) Time−wavenumber contour plot of Raman intensity for the (aQ) sample heated at 700 K. The x-axis is the Raman wavenumber shift
(700−1050 cm−1), the y-axis is the annealing time (for clarity we show only the first 7 h of annealing), and the z-axis (color scale) corresponds to
Raman intensity in the range 0.1−0.14. This plot allows visualization of the decrease of the intensity of the band at 947 cm−1. (b) Intensity of the
peak maxima (full circles) of the 947 cm−1 band corresponding to Q2 species as a function of the annealing time. Solid line is an exponential fit using
eq 3, giving a relaxation time τQ2 ≈ 3 h.
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order to get a clear idea about the mechanism of structural
relaxation in this glass-forming liquid, it is instructive to
compare our relaxation times τ1 and τ2 to the shear relaxation
time τshear obtained from shear viscosity η data53 using the
Maxwell equation τshear = η/G∞. G∞ is the shear modulus at
infinite frequency, which is considered to be constant (G∞ ≈ 10
GPa) for silicate melts.54 It can be seen from Figure 8 that the
slow relaxation time scale τ2 agrees with τshear in the glass
transition region, or the fast one τ1 is by all means smaller than
τshear below and across Tg.

At this point, two hypotheses for the origin of the observed
heterogeneous relaxation dynamics could be drawn. The first
attributes this process to a thermal relaxation of the glass
sample in response to the fast temperature rise, followed by a
very slow exponential structural relaxation process. However,
such a scenario is far from possible, since the time to reach
thermal equilibrium should be less than 1 h, and the structural
relaxation process (slow relaxation in our case) is known to be
nonexponential, with a β = 0.68 for this glass former (which is
not our case). The second plausible hypothesis could be that
the observed heterogeneous dynamics is a direct consequence
of the nonexponential character of structural relaxation near Tg
resulting from dynamic and spatial heterogeneities in the glass
sample.
From a structural point of view, the modified random

network (MRN) model offers a fruitful way to simplify
complexities in the structure of alkali silicate glasses at the
intermediate range order.55,56 Experimental findings corrobo-
rated with molecular dynamics (MD) simulations57−64 reveal
new intermediate-range order and microstructure characterized
by the existence of channels (i.e., percolation pathways of alkali
ions that can be mapped out by connection of NBO together)
in a MRN. As a consequence, one can imagine at least two
different set of environment, namely silicate tetrahedra close to
the pathways of Na ions (in the boundaries of silicate Si−O
chain) and those within a silicate Si−O chain (intervening Si−
O−Si bond angles). The agreement between the fast relaxation
time observed by Brillouin spectroscopy τ1 and the relaxation
time τQ2 of the band attributed to the stretching vibration of Q2

obtained from Raman spectroscopy could correspond to some
local motions of SiO4 tetrahedra located at the boundary of the
silicate chain (close to pathways of Na ions). On the other
hand, the agreement between the slow relaxation time observed
by Brillouin spectroscopy τ2, τQ4 (Raman spectroscopy), and
τshear (Figure 5) strongly suggests that Si−O bonds are being

broken during the observed relaxation, affecting the Si−O−Si
bond angles over long distances. On the basis of this approach,
one can argue that the observed dynamics might correspond to
the following sequence of events. (i) The system relaxes
through a nonexponential process governed by relaxation of the
individual spatial regions at a short length scale by a local
motion of silicate tetrahedra at the boundaries of Si−O chains.
(ii) Then this phenomenon is followed by a slow relaxation
over long distances: intervening Si−O−Si bond angles where
relaxation is primarily controlled by the rate of Si−O bond
breaking. One has to notice that the experimentally determined
heterogeneous dynamics could not be described in the
framework of the Tool−Narayanaswamy−Moynihan (TNM)
model, as is usually done in annealing experiments. Such a
model appears inadequate to describe the heterogeneous
relaxation dynamics emerging from our experiments, suggesting
that a single fictive temperature is insufficient for pinpointing
the structural state in nonequilibrium conditions.65,66

■ CONCLUSION

In conclusion, relaxation dynamics involving multiple time
scales have long been considered a hallmark of systems near Tg.
No experiments on binary oxide glasses had yet evidenced the
heterogeneous dynamics of the structural relaxation of these
systems. The in−situ Brillouin and Raman measurements
depicted in this work evidence a novel and very promising way
to follow the relaxation dynamics of glasses over various
distances.The central result of our study is a direct experimental
account of heterogeneous dynamics near the glass transition in
a strong glass former sodium silicate at the intermediate range
order: Two well distinct relaxation channels were identified,
involving a slow and a fast process. At the short-range order,
Raman spectroscopic measurements in (Na2O)0.27(SiO2)0.73
revealed a homogeneous relaxation near Tg. The fast relaxation
time scale determined from BLS measurements is of the same
order as relaxation dynamics corresponding to local rearrange-
ments of Q2 species, while the slow relaxation dynamics occurs
at the same time scale as the Si−O−Si bending vibration
observed in silica around the glass transition. Additionally, an
Adam−Gibbs reading of the agreement between the slow
relaxation time scale and the shear relaxation time in the glass
transition region suggests that Si−O bond breaking is at the
origin of the observed cooperative structural relaxation at long
distances.
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