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We have probed the atomic dynamics of two sodium silicate glasses in a wide wave vector range by means of
x-ray photon correlation spectroscopy. The wide angle setup has been modified to cover a Q range that extends to
small angles, close to the range normally covered by the usual small-angle x-ray scattering configuration. During
irradiation, the oxide samples undergo a transformation to a new amorphous state with different structural and
dynamical properties. The observed dynamics before and after the structural transformation shows the presence
of de Gennes narrowing. In the low wave vector region, the dynamics is affected by a ballisticlike motion at
low absorbed doses, while the glass obtained after prolonged irradiation has a Q-independent relaxation time.
This observation strengthens the interpretation of the new amorphous phase as a rejuvenated glass that lies in a

higher-energy region of the potential landscape.

DOLI: 10.1103/PhysRevB.110.094207

I. INTRODUCTION

Glasses are disordered systems without long-range order,
and their low-frequency response can be described by treating
the solid as a continuous elastic network. It would be thus
natural to assume the Debye approximation holds true as
long as the observations correspond to length scales larger
than the microscopic structure, as in crystalline solids. It is,
instead, well known that the Debye model does not capture
the low-temperature thermal properties of glasses [1,2], and
the usual elasticity theory cannot describe the vibrational
spectrum when the length scale falls below some tens of
interatomic distances [3—6]. The typical vibrational features
appearing at terahertz frequencies can be interpreted as arising
from heterogeneities in the elastic properties of the material
with a typical size of a few nanometers [7-10]. Some evidence
from numerical simulations and experiments suggests that
these fluctuating elasticity regions arise from the dynamical
heterogeneities characterizing the structural relaxation pro-
cess of the supercooled liquid close to the glass transition
[11,12].

Authors of several works have focused on the investigation
of the physical properties in the medium-range order, as for
example inelastic x-ray [3—6,10] or neutron scattering [13—15]
and numerical simulation studies. The difficulty in analyz-
ing these length scales stems from the lack of experimental
probes: X-ray photon correlation spectroscopy (XPCS) is a
viable technique to capture the dynamics at those scales. The
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method is designed to probe the long time dynamics of the
structural relaxation in viscous liquids and glasses from the
determination of the density fluctuations at interatomic dis-
tances. In the case of low-temperature viscous liquids, glasses
at the glass transition temperature, and biological systems, the
time correlation function usually follows a stretched exponen-
tial decay e~/ 9" known as the Kohlrausch-Williams-Watts
(KWW) model [16,17]. The stretching parameter B, with
0 < B < 1, is compatible with slow cooperative dynamics
characterized by a heterogeneous distribution of relaxation
times in the different rearranging regions [12,18]. However,
light and x-ray scattering experiments on the aging of soft
materials have detected microscopic dynamics which can be
faster than exponential [19-22]. The shape of the correlation
function with 8 > 1, usually termed compressed exponential,
has been interpreted as the signature of a dynamic that pro-
ceeds through the release of the stress accumulated inside the
material via the rupture of network connections [23,24]. In
this regime, the wave vector dependence of the relaxation time
indicates a ballistic (7 o 1/Q) rather than a diffusive dynamic
(t o< 1/Q%) [25,26].

Similar observations are obtained with XPCS experiments
on oxide glasses. The intense x-ray fluxes available at syn-
chrotron sources activate atomic motion in the probed sample,
inducing a fast decorrelation even at temperatures well below
the glass transition, in the deep glassy state [25-33]. The
accepted interpretation of the mechanism giving rise to this
beam induced motion is based on the radiolysis process. The
x-ray photon interacts with matter and generates a cascade of
electrons. The ones with lower energy localize on self-trapped
excitons that distort the glass network, creating point de-
fects. Some bonds are removed in the process, stimulating the
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motion of the nearby atoms of the disordered network [26].
The observed decorrelation time is inversely proportional to
the beam flux and can consequently be interpreted as the
x-ray dose necessary to rearrange the entire scattering volume.
At low absorbed doses, i.e., delivered energy per unit mass,
the phenomenon is reversible because the sample structure
does not vary in an appreciable way, as revealed by the static
structure factor [25,32]. In those conditions, the system is in
a definite initial state that we call pristine. In this regime, the
beam induced dynamics of pure vitreous silica shows a pe-
culiar wave vector dependence, with 7 oc Q793 [25,26]. Such
hyperdiffusive behavior together with the compressed shape
of the relaxation function implies that the atomic displace-
ments are described by a long-tailed Levy-stable distribution
in which the long displacements are favored, stimulated by
the accumulation of radiolytic events [26]. The reversibility is
lost in the case of long irradiation times where the radiolysis
causes a change in the structure of the glass and induces the
transformation to a different amorphous state [33]. We will
refer to this new state as the new amorphous in what follows
(the new state is also called fully irradiated glass in a recent
paper by Martinelli et al. [34]).

The evolution of the glass under high radiation doses has
been investigated in two recent papers [33,34]. In one [33], we
have studied the dose evolution of the structure and dynamics
of a selection of sodium silicates glasses and of pure boron
oxide at a fixed exchanged wave vector, 0 = 1.6 A~'. This pa-
per complements the study with the investigation of the wave
vector dependence of the dynamics for two compositions of
the sodium silicates. We have analyzed these glasses in the
pristine and new amorphous states, and we have exploited a
dedicated setup to probe the low wave vector region between
0.2 and 0.5 A=, a regime intermediate between the standard
small- and wide-angle configurations.

II. METHODS

The samples are sodium silicates (Na,0),(SiO;)(1—y) with
x = 20% (Na20) and x = 43% (Na43) of sodium oxide,
two of the samples studied in Ref. [33]. The samples have
been prepared by melting the silica and the sodium carbonate
powders into an alumina crucible (Coors™) at temperatures
above the melting point and by quenching them in air at room
temperature. The transparent materials have been prepared in
the shape of disks of ~5 mm and optically polished to a thick-
ness of ~50um to achieve good contrast in the correlation
functions. Table I reports some physical properties of the two
samples.

TABLEI. Physical properties of the samples. Na20 (Na40) refers
to the glass with 20% (40%) of Na,O. The attenuation length is
calculated at 8.25 keV, the x-ray energy of the XPCS experiment.
The uncertainty on the thickness comes from the roughness of the
surface profile measured in transmission geometry.

Sample  Thickness Density Attenuation T, (K)
tag (um) (g/em*)[35]  length (um)[36] [37]
Na20 49(5) 2.38 140.8 750
Na43 46(1) 2.545 143.1 670

The XPCS experiment (No. 1-20180946) was carried out
at the P10 beamline of the Petra III synchrotron in Hamburg,
Germany. Two different beamline configurations have been
exploited to cover a large Q range. We have used the standard
wide-angle configuration for the Q range between 0.5 and
2.5 A~!, while for the low-Q region (0.2 to 0.5 A1), we have
exploited a new setup where the space between the sample
and the detector is kept under vacuum. The partially coherent
x-ray beam of energy 8.25 keV is focused at the sample stage
to aspot of 3 x 2 um? of full width at half maximum (FWHM)
and with a photon flux of 4.2 x 10'° ph/s. In the wide-angle
configuration, the sample is mounted into a vacuum chamber
with a Kapton window on the detector side. This window is
removed for the low-Q investigation. The scattered radiation
is recorded by a two-dimensional (2D) detector (Eiger4dM
from Dectris) which counts 2070 x 2167 pixels, and it is fixed
at the end of a vacuum tube and mounted on a goniometer.
The detector is placed 1.8 m away from the sample stage to
match the speckles with the pixels dimension of 75 x 75 um?.
We collected measurements at room temperature and at dif-
ferent scattering angles 6 to get a wide range of scattering
wave vectors defined as Q = (47 /A) sin(6/2), where A is the
x-ray beam wavelength. The relation is not linear, and so the
detector covers a wider Q range when placed at low angles.
Thus, we have divided the area into a different number of
regions depending on the scattering angle to achieve a Q
resolution of §Q/0 < 20%. The measurement at every angle
was repeated a minimum of three times except when the
detector was placed at the highest angles because the statistics
of the single measurement was sufficient to have a reliable
result. Every repetition has been performed on a fresh spot
on the sample. The dose rate has been calculated for every
sample as d, = € - A/N. Here, € is the photon energy of the
probe, N the number of atoms in the scattering volume, and
A the absorbed flux calculated from the transmitted one ¢ - T,
A =¢ - (1 —T), with ¢ the photon flux. The dose rates for the
two samples are d,(Na20) = 6.5 eV atom™' s~! and d,(Na43)
= 6.0 eVatom™!s~!. The total dose for every measurement
can be computed as D = d, - t,,, where t,, is the total exposure
time of the sample.

The data have been processed by following the multi-
speckle approach [38]. The method is based on the calculation
of the two times correlation function (TTCF), G(Q, t;, t»),
defined as the instantaneous correlation of the intensity of
a region of interest of the detector corresponding to a given
value of the scattering wave vector:

(Ia)I(12))p
(L)) pl (1))

where ( ), is the average over pixels subtending the same
scattering wave vector Q. Here, I(¢) is the intensity recorded
on a single pixel at time ¢. The TTCF of the Na43 sample
at Q = 1.6 A" is shown in the upper panel of Fig. 1. The
autocorrelation function is calculated by averaging in time the
TTCEF, taking advantage of both spatial and temporal evolu-
tion of the speckles. The autocorrelation function is connected
to the intermediate scattering function (ISF) F(Q, t), thanks to
the Siegert relation:

¢2(0,1) = yo + ColF(Q, 1), )

GQ.11,n) = ey
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FIG. 1. (upper) Two times correlation function (TTCF) of the
sample (Nay0)43(Si0;)p57 measured at Q = 1.6 A~!. The green
and brown squares show the temporal windows in which the auto-
correlation functions of the right side have been computed. (lower)
Autocorrelation functions calculated from the TTCF on the left at
different irradiation times. Green dots refer to the dynamics over the
first 60 s of the irradiation. Brown squares show the autocorrelation
points on the last 840 s.

where yy is a baseline, and Cy is the experimental contrast.
The typical values of the baseline are compatible with zero
within uncertainty, while Cp has a marked Q dependence due
to the limited longitudinal coherence of the x-ray beam, with
values of only a few percent at wide angles (see the lower
panel of Fig. 1).

The ISF is modeled via the KWW equation:

F(Q,1) = foe /7. 3)

Here, 1 is the characteristic relaxation time, By gives the
shape of the exponential, and fj represents the nonergodicity
parameter. This parameter describes the decrease in correla-
tion taking place at times shorter than those accessible in the
measurement [39—41]. The TTCF shows the evolution of the
dynamics as a function of time. The x-ray dose accumulation
at this wave vector gives rise to an acceleration of the induced
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FIG. 2. (upper) Observed relaxation time as a function of the
absorbed dose for Na43 (green triangles) and Na20 (orange squares)
samples at scattering wave vector Q = 1.6 A~ (lower) The corre-
sponding B parameter. The characteristic time 7; is reported as a
line for both the investigated samples (blue for Na43 and brown for
Na20). The axis on the top reports the exposure time (¢,,) which is
related to the absorbed dose by means of the dose rate d,.

dynamics as visible in the narrowing of the matrix diagonal.
More in detail, we followed quantitatively this evolution by
calculating the ISF in small submatrices with sides of 60 s that
we located along the diagonal of the TTCF. Two examples of
submatrices are marked by colored squares in the upper panel
of Fig. 1. The resulting relaxation time and 8 value from the
KWW model as a function of the absorbed dose are shown in
Fig. 2.

The evolution of the dynamics is accompanied by an ex-
ponential variation of the scattered intensity [33] that can be
described in the following way:

I(ty) =Io + (I — oo)e_(lw/rl)9 4

where [y and I, are, respectively, the initial and final val-
ues of intensity, and t; is the typical time of the intensity
variation. The calculated values of 7; at Q = 1.6A~! are
reported, in units of absorbed dose, as vertical lines in Fig. 2
for both samples. The observed relaxation and decay times
of the intensity have similar values, making it challenging to
investigate the dynamics before the system undergoes the
structural modification. This structural variation induces mod-
ifications in the observed dynamics with an accelerated
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relaxation time and a correlation curve that becomes stretched.
We decided to compute the temporal average of the TTCF
where the intensity is sufficiently stable in time, specifically
in the pristine glass (low doses) and in the irradiated one
(high doses). The two regions are highlighted with green and
brown squares in the upper panel of Fig. 1. Examples of
the correlation curves for the two dose regimes are instead
reported in the bottom panel of the same figure: green dots
for the short irradiation part and brown squares for the long
one. The points of the correlation curve for short exposure
times, in the pristine glass, are subject to higher uncertainties,
and the curve is truncated at only twice the characteristic
decay time tp. A good signal-to-noise ratio requires either
the use of a large detector region, at the expenses of the O
resolution, or a total integration time sufficiently longer than
7g. At short exposures, the decay time of the intensity is a
few times the observed XPCS relaxation. This necessarily
implies a truncated correlation curve with lower statistical
accuracy in the low wave vector region. As a compromise,
we have decided to analyze the dynamics for an irradiation
time window below 0.75t; so that what we call a pristine glass
is indeed already undergoing some structural variation. This
choice may affect the shape of the correlation curves because
an average over a nonstationary dynamic can decrease the
value of B8 as compared with the value expected in the real
pristine glass. The high-dose regime is considered from 27;
onward.

III. RESULTS

The scattered intensity profiles in Figs. 3(a) and 3(c) show
how the physical and structural properties of the silicate
glasses are related to the concentration of alkali modifiers
[37]. Addition of alkali metals, such as sodium ions, in
the v-SiO, network induces the breakage of covalent bonds
and the creation of nonbridging oxygen species (NBO),
which are oxygen atoms with a dangling bond for the pres-
ence of a nearby cation. In this depolymerized network, the
sodium cations form channels [42] and change the connectiv-
ity and the structure of the initial network. As an example,
in Fig. 3(a), the Na20 sample has a pronounced peak ~1.6
A1 the position of the first sharp diffraction peak (FSDP) of
v-Si0;, and a faint shoulder for Q ~ 2.3 A~'. An increase of
sodium concentration leads to a reverse of the intensity ratio
between these two peaks in the case of the Na43 sample, lead-
ing to a higher intensity at Q ~ 2.3 A~" [see Fig. 3(c)]. The
wave vector dependence of the scattered intensity is reported
in Figs. 3(a) and 3(c) at the two levels of irradiation, short
exposure (pristine glass, empty points) and long exposure
(new amorphous state, full points). An intensity variation is
present in both samples with a reduction of the FSDP and an
increase at low wave vectors giving rise to a broadening of the
static structure factor. The relative intensity variation on the
peak is ~5% for the Na20 sample and 2% in the case of Na43,
leading to a higher uncertainty in the determination of the pa-
rameter t; for the latter. The complete relative variation of the
intensity on the entire explored wave vector range is reported
in Figs. 3(b) and 3(d) for both samples. The dose dependence
on the FSDP can be found in Ref. [33]. The structural evolu-
tion suggests that the final amorphous state has an increased
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FIG. 3. Scattered intensity as a function of the wave vector Q at
two irradiation doses for (a) Na20 and (c) Na43. The gray points in
(a) are scattered intensity data recorded with only 1 s of exposure.
They are added to show the complete intensity profile of Na20.
Relative variation of the intensity as a function of the wave vector
for samples (b) Na20 and (d) Na43. The variation is calculated as
Al/ly, = (Iy — Ix) /I, where I is the intensity of the pristine state
and I, the intensity of the final amorphous state. The dotted line
highlights the position of zero variation in the intensity.

disorder. We also note that an increase of the small-angle
signal is an indication of an increase in the fictive temper-
ature of the glass [43], in agreement with the idea that the
glass exposed to a high level of radiation is rejuvenated with
respect to the pristine glass. The scattered intensity is lower
for the sample with higher sodium concentration at almost all
probed wave vectors, affecting the statistical accuracy of the
XPCS measurement, making the measurement at low wave
vectors, below 0.6 A~!, quite challenging. We have increased
the robustness of the fit of the XPCS correlation function of
Na43 in this low-Q range by fixing the contrast parameter at
the value obtained from the analysis of the Na20 sample at the
same wave vectors. It is worth noticing that this choice does
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FIG. 4. Dynamics as a function of the wave vector for the Na43
sample. (upper) Relaxation time as a function of the wave vector
at two absorbed doses: low doses (empty green triangles) and high
doses (full green triangles). The ordinate axis on the right reports
the scale of S(Q)/Q? (gray full dots). Inset: The characteristic time
for the variation of the static structure factor as a function of the
wave vector. (lower) 8 parameter as a function of the wave vector
calculated at the same doses of the upper panel.

not account for the different nonergodicity factor f, between
the two samples. Indeed, a source of decorrelation is related
to the vibrational dynamics of the glass, and a change in the
sodium oxide concentration leads to a different amount of
vibrations. Inelastic x-ray scattering (IXS) experiments have
revealed that the nonergodicity parameter varies as a function
of the temperature and the exchanged wave vector [10,40,41].
At Q’s corresponding to the FSDP, f is very close to 1, while
at low Q’s, the f, parameter depends on the glass fragility
as fo l=1+aT/ T, [40]. We estimate the variation in the
contrast between the two samples due to the small difference
in fp to be lower than 5%, which is within the uncertainty of
the fit.

The values of the decorrelation time and the 8 parameter
are shown in Fig. 4 for the Na43 sample as a function of
the wave vector for the two irradiation levels, short (empty
triangles) and long exposure (full triangles), together with the
quantity S(Q)/Q? derived from the scattered intensity of the
pristine glass (absolute scale on the right axis). The scales of
79 and S(Q)/ Q? are compared with each other using an ar-
bitrary scaling factor. The relaxation time shows a mild wave
vector dependence and decreases at high absorbed doses. The
decorrelation time must be viewed as the time required to
accumulate the x-ray dose necessary to force the change in
the atomic configuration of the entire scattering volume, as
anticipated in the introduction. The x-ray dose accumulated
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FIG. 5. Dynamics as a function of the wave vector for the Na20
sample. (upper) Relaxation time as a function of the wave vector
for two absorbed doses: low doses (empty brown squares) and high
doses (full orange squares). The blue diamonds are relaxation time
data from Ref. [27]. They have been rescaled by a factor 10 to fit
with the data in this paper. The ordinate axis on the right reports
the scale of S(Q)/Q? (gray full dots). Inset: The characteristic time
for the variation of the static structure factor as a function of the
wave vector. (lower) B parameter as a function of the wave vector
calculated at the same doses of the upper panel.

in 7¢ is in general different from system to system, and it is
related to the topology of the glass network [33].

The inset of the upper panel shows the characteristic time
for the variation of the static structure factor, which is a few
times longer than the decorrelation time. The quantity is af-
fected by significant noise because the intensity variation is
quite small, as shown in Figs. 3(b) and 3(d). The 8 parameter
is affected by a marked variation as the dose is increased,
as shown in the lower panel of Fig. 4. The correlation curve
has B slightly above 1 in the pristine glass for @ ~ 1 A~1,
and becomes stretched at high absorbed doses. In the low-Q
range, on the contrary, the curve appears stretched from the
beginning. The dynamics of the Na20 sample is shown in
Fig. 5. Here, we have measured less points at wide angles with
respect to the other sample, while we managed to obtain data
with higher quality in the low wave vector region. In the upper
panel of the figure, we plot the quantity S(Q)/Q? together with
the relaxation time obtained in a previous measurement where
the absolute dose to the sample was not monitored [27]. These
data have been rescaled by an arbitrary factor to compare the
Q evolution with that in this paper. The high-Q region shows
a mild Q dependence, analogous to that of the Na43 sample,
while the low-Q behavior is marked by a fast decrease of the
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FIG. 6. (upper) Relaxation time as a function of the wave vector
at low values and for Na20 (orange squares) and Na43 (green tri-
angles). Data with empty symbols report the dynamics at low doses
which is displayed only for Na20, while the full points report the
results in the high-dose regime. (lower) Average relaxation time as
a function of the wave vector for the Na43 sample at high doses.
The blue dotted line is the prediction of the diffusive-like model
reported in Eq. (6). The magenta line represents the model described
in Eq. (7), which has been optimized on the shown data. The dash-
dotted red line is placed at the value of the (ty) parameter of Eq. (7).

decorrelation time with Q in the pristine glass. The 8 value on
the peak of the S(Q) is compatible with the stretched shape of
the correlation curves reported in the previous study [27].

It is worth noticing that the low-Q beamline configuration
used in this paper allowed us to reach Q values as small as 0.2
A~!, extending the range of the usual wide-angle XPCS mea-
surements. The typical wide-angle setup is limited to wave
vectors higher than 0.5 A~! because of the spurious signal at
small angles coming from the Kapton windows of the sample
environment, windows that here were removed. The low-Q
region is plotted in a log-log scale in the upper panel of Fig. 6
for both samples. The dynamics of Na43 is reported only in
the high-dose regime (full green triangles) because of the large
uncertainty in the data at low dose, while that of Na20 is
shown both in the low-dose (empty brown squares) and high-
dose (full orange squares) ranges. In the low-dose regime, the
relaxation time of Na20 decreases between 0.15 and 0.4 A‘l,
with a power law 7 = Q7 with « = 1.0 & 0.1. This behavior
is typical of a ballisticlike motion, although here, the value of
B is significantly lower than 1, while the usual ballistic motion
is associated to a compressed exponential.

IV. DISCUSSION

The wave vector dependence of the relaxation time in the
high-Q regime for both samples is reminiscent of a de Gennes
narrowing process, where 7 increases in correspondence of
the FSDP of the glass and presents an oscillatory behavior
at higher Q’s. de Gennes investigated the relaxation time
measured in quasielestic neutron scattering experiments of
simple liquids, where 7 is in the subpicosecond range [44].
The underlying idea to the model is that one can retrieve
information on the intermediate scattering function F(Q,t)
from its self component F;(Q, t) at sufficiently high Q values
since both will converge to the single-particle regime at high
Q’s. The proposed scaling model postulates that

F(Q.1) = S(Q)F(Q/vS(Q). 1). &)

This relationship preserves the zeroth- and second-order sum
rules for the dynamic structure factor. Within this approxima-
tion and assuming a diffusivelike process, one then expects 7
to follow the law:

S
= 3o

s (6)
where D is an effective diffusion constant. In our case, D
is dose rate dependent since the observed dynamics is beam
induced. We apply the subscript s to T here to highlight the
fact that it is derived from the self part of the intermediate
scattering function. A diffusionlike model modified by the
inclusion of S(Q) as in Eq. (6) has been successfully exploited
in a selection of borate glasses [31]. The comparison between
7(Q) and S(Q)/Q2 is presented in Fig, 4 for Na43 and Fig. 5
for Na20 (for this sample, the same comparison is reported
in Ref. [27]). In Na43, 7 is peaked at Q ~ 1A' and Q0 ~
2.3 A~!. Equation (6) can capture this oscillatory behavior in
a qualitative way at high Q’s.

However, the equation does not represent the observed dy-
namics in the low-Q range, i.e., for Q < 0.6 A~'. Here, S(Q)
is approximately constant, and the diffusion model would
predict T oc Q72 in contrast with our data. The discrepancy
is very visible in the bottom panel of Fig, 6, where we report
the average relaxation time (t) expressed as (t)=I'(1/8)t/8
[45]. The observed dynamics in this low-Q regime is domi-
nated by collective density fluctuations, not considered in the
simple diffusionlike model.

One of the main results of this paper is the observation of a
Q-independent relaxation time at low Q for both the analyzed
glasses in the high-dose regime, as shown in the upper panel
of Fig. 6. The presence of a finite T at small Q’s together
with the stretched shape of the correlation function (8 < 1)
is an indication that the irradiated glass behaves as a liquid in
the high-dose regime, strengthening the previously reported
observation [33]. A similar behavior with Q and dose has
been reported recently by some of us in the case of a lithium
metaborate glass and in the corresponding supercooled liquid
[34]. These observations indicate that the induced dynamics
at these doses is collective.

A tentative interpolation formula to bridge the high- and
low-Q regimes can be introduced in the following way.
It is well known from studies on simple liquids [46] that
Eq. (5) cannot work at low Q’s. A generalized hydrodynamics
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approach suggests a transition from the low-Q range, where
T has a finite value comparable with the Maxwell relax-
ation time [47], to the high-Q regime, with an appropriate
interpolation formula [46]. We recast it here in the following

form:
0>\ 'T1 1
* (1 " Q_§> [r_é - a(QP}’ @

1 1

(0 w(Q)?
where 7,(Q) is given by Eq. (6), 1y is the value of 7 for Q = 0,
and Q. is a wave vector that separates the low-Q from the
high-Q regimes. We fixed Q. = 2.5 A", the position of the
sharp diffraction peak for Na43, following the literature on
simple liquids [46]. The parameters D and 7t are optimized
by a x? minimization routine to the values of ((Q)) of Na43,
giving the values: D = 0.018(1)1&2/5 and (ty) = 44(5) s. The
resulting curve is reported in the bottom panel of Fig. 6.
The agreement with the data is pretty good and highlights the
limitations of an approach based on a diffusionlike model and
the need to consider the low-Q hydrodynamic regime, where
7 should match its macroscopic value. We stress again that the
probed 7 is dose rate dependent so that the glass is liquidlike
only when illuminated by the x-ray beam, while it is a solid
when the beam is off.

We would like now to briefly discuss the evolution of
the stretching parameter 8 as a function of dose in the two
studied samples. The parameter § is slightly higher than 1
for some Q values around the FSDP in the pristine Na43
glass, as shown in Fig. 4. The compressed exponential shape
is commonly observed in oxide glasses probed by XPCS.
A lively debate is still ongoing in the literature concerning
the interpretation of the nature of this peculiar shape of the
correlation function. In soft systems, this shape is attributed
to stress release mechanisms at the microscopic level [20].
In oxide glasses, as discussed in recent papers [26,34], the
defects in the glass network are generated by the x-ray beam
and give rise to elastic dipoles with a strain field that extend in
space with a power-law tail. The observed density relaxations
are governed by the response of the material in the presence of
these dipoles and can show compressed correlation functions
[48] as well as a different kind of atomic dynamics [26,34],
with an evolution as a function of the dose that follows the
parallel structural modification [34]. In the high-dose regime,
both samples studied here show a stretched exponential be-
havior in the entire investigated wave vector range with S
approximately following the shape of S(Q), in agreement with
the previously discussed de Gennes narrowing.

The B values of Na20 at low doses deviate from this trend,
being <1 at all Q’s. We can advance two different interpreta-
tions of this behavior. The stretched shape of the correlation
curve could result from the dose accumulation, which is not

negligible with respect to the dose required to change the
structure of the glass. In the low-Q regime, the x-ray dose of
the pristine glass (~60 s of irradiation) is comparable with the
time t7, as shown in the inset of the upper panel of Fig. 5.
An alternative explanation is based on the observation that
this composition with 20% of Na,O is considered the isostatic
point of the sodium silicate glasses [49], and it should present
a lower level of elastic stress in the pristine glass with respect
to the other compositions. The role of the native defect popu-
lation in the beam induced process is, however, unclear at the
moment, and we consider the first interpretation to be more
convincing.

V. CONCLUSIONS

We have probed the Q dependence of the XPCS correlation
curves of two sodium silicate glasses. The x-ray dose accumu-
lation induces an evolution from the pristine sample to a new
amorphous state, through subsequent radiolytic events. The
dynamics follows the structural evolution with a reduction of
the observed relaxation time and of the stretching parameter.
In the high-Q range, the observed dynamics shows indication
of the presence of de Gennes narrowing at both the low and
high radiation doses considered here.

Our setup has enabled the investigation of the low-Q
regime, where we have found for the Na20 sample a ballistic
dynamics with 7 oc Q7! at short exposures and a gradual
weakening of this Q dependence at long exposures. In both
samples, the relaxation time is Q independent at long expo-
sures, i.€., in the final amorphous state. The presence of a finite
T at low Q can be ascribed to the existence of independent
relaxing units with dimensions smaller than the one probed in
the experiment.

This paper is a pathway for future investigations in this
low-Q region, in which XPCS can be exploited as a tool
to probe the heterogeneous elastic response of amorphous
materials. Revealing the heterogeneous nature of the elastic
response of a glass at the nanometer scale is of great relevance
both for fundamental and applied research, for example, in the
realization of nonvolatile memories [50] or for neuromorphic
devices [51], a field in which amorphous chalcogenides are
promising candidates as phase change materials [52].
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