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A solid loaded beyond the yield stress loses its elastic properties and becomes plastic. From a microscopic
point of view, this limit corresponds to the condition where plastic regions become so densely packed that they
give rise to system-spanning structures. This limit for glasses is abrupt, which makes experimental
investigations challenging. Here, the yield point is reached by the alternative approach of increasing the
density of plastic regions by generation of point defects during x-ray irradiation. For the case of a LiBO, glass,
we show that at low doses, i.e., for a low density of defects, the defects behave as isolated stress sources that
induce atomic displacements typical of an elastic solid. As the density of defects increases, the mechanical
response of the glass at the local scale changes from elastic to more and more plastic, until reaching the limit

where it becomes characteristic of a flowing system, which signals that the yield point is reached.
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I. INTRODUCTION

A textbook approach to studying mechanical properties
of a material is via the stress-strain curve, e.g., the strain
response following an imposed stress. While this curve can
be complex and material dependent, two regimes are well
known. The first appears at low stress, where strain is
proportional to stress: Here, the material undergoes an
overall elastic deformation. The other regime appears
further up along the curve and corresponds to the initiation
point of plastic deformation. The stress component at this
point is the yield stress. Understanding the mechanisms at
play at yield is of utmost importance in materials science
[1], with particular reference to the quest to develop
prediction capabilities of material failure. Yielding also
represents a central problem in statistical physics [2],
focusing on the nature of this transition between an elastic
solid and a flowing system [3-5].

In glasses, the situation is particularly challenging. First,
some level of plastic response appears instantaneously for
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any amount of strain, even in the linear stress-strain region
[6]. Moreover, following the increase in plastic activity
towards the yielding transition is complicated by the fact
that even the mere definition of a plastic region—which in
crystalline materials is associated to a dislocation—is not
trivial: In glasses, it is rather related to local, sliplike
rearrangements of a few atoms known as shear transforma-
tion zones [7]. Thus, the identification of plastic rearrange-
ments is very challenging both in experiments and
simulations since they appear at a very small scale and the
internal structure is statistically unchanged before and after
the transformation [8].

Numerical simulation studies have associated shear
transformation zones to regions where atomic motions
are strongly nonaffine, i.e., with additional displacements
on top of those dictated by the macroscopic strain [9].
Shear transformation zones are often modeled as inclu-
sions in an elastic continuum using the famous analytic
solution of Eshelby [10]. The macroscopic behavior of an
amorphous system is then described in terms of an
ensemble of Eshelby inclusions. The Eshelby displace-
ment field is peculiar in its form: It decays as an elastic
dipole and is highly anisotropic. This anisotropy leads to a
preferential localization of the plastic activity along
certain directions and plays a major role. For instance,
as shear transformations build up, they tend to form shear
bands [11], the main mechanism for mechanical failure in
metallic glasses.

Published by the American Physical Society
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From an experimental point of view, exploring, at the
microscopic scale, the mechanical properties of glasses at
yield is complicated by the difficulty of using imaging
techniques with the required atomic resolution. Most of the
available data refer, in fact, to soft matter where such
limitations are relieved [12—14]. Moreover, glasses are
brittle, the mechanical failure at yield is abrupt, and the
characteristics of the yield transition depend significantly
on the protocol used to prepare the material [5]. Thus, it is
difficult to design schemes to test the theories that are
currently being developed [15,16].

Here, we aim at looking at the evolution of plasticity in
glasses using a different approach: We study the density
fluctuations induced in a glass by defect generation during
x-ray irradiation. We show here that the defects generated
in the glass behave as dipolar sources of stress, thus playing
the role of the plastic regions that develop in a glass under
load. The x-ray dose allows us to control the density of
defects in the glass. For a small density of defects, the
atomic displacement field indicates that the defects are
isolated and generate an elastic response of the surrounding
medium. On increasing the density of defects, the response
of the medium becomes more and more plastic, up to the
point that it becomes, at the interatomic scale, that of a
flowing glass at the yield point.

While the phenomenology under study here can be
reported within the realm of material damage effects due
to ionizing radiation, it is worth underlining some of its
peculiar characteristics. In fact, classical beam damage
usually refers to soft and biological matter, where the
absorption of x rays triggers, in particular, the generation of
free radicals, which in turn affect both the structural and
dynamical properties of the system [17,18]. In that case, the
damage typically increases continuously with the dose, and
the main point of interest is to devise strategies to limit, if
not avoid, the effects of beam damage in order to get access
to the structural and dynamical properties of the system
under investigation. The effect of interest here is peculiar
for at least two reasons. (i) It leads to a dynamical response
in a system (here, a LiBO, glass) that has no (slow)
dynamics otherwise. In other terms, the measured dynam-
ics is fully induced by the defects generated by the
x-ray beam and can then be considered a perfect play-
ground to study the effect of the generation of defects in the
glass matrix. (ii) It is an effect that shows saturation to a
stationary state. In fact, for a density of defects sufficiently
high, a stationary state is reached where the generation of a
new defect is accompanied by the healing of an existing
one. This is the fully irradiated glass, which will be
discussed in some detail in what follows.

The significance of the results reported here is then
twofold. (i) Upon irradiation, glasses follow the entire
transformation pathway, similarly to what happens in
stress-strain experiments, from the elastic limit to the yield
point. The generation of defects via x-ray irradiation can

then be related to the mechanical generation of defects in
more traditional stress-strain experiments. This offers an
alternative tool to study the elasto-plastic response of glasses.
Clearly, the glass at yield reached via irradiation is not the
same glass reached at the yield point in stress-strain experi-
ments: Our irradiated glass, for instance, does not show
macroscopic flow. Still, its dynamical response at the
interatomic scale is fully plastic. (ii) Coupling irradiation
to the synchrotron-based technique of x-ray photon corre-
lation spectroscopy, we obtain microscopic information on
the mechanical response of glasses at the interatomic length
scale relevant for the shear transformation zones mentioned
previously. In particular, we can extract the distribution
function of the atomic displacements induced by the gen-
eration of defects at different stages of irradiation, which
correspond to different densities of defects. This information
sheds new light on the evolution of the mechanical properties
of glasses in the elasto-plastic regime. These results can
therefore be of interest for theories and models, several of
which are currently under development, attempting a full
description of elasto-plasticity in amorphous materials [2].

II. RESULTS AND DISCUSSION

Our results are based on an x-ray photon correlation
spectroscopy (XPCS) study of a LiBO, glass. XPCS probes
the density correlation function, F(q.t) = (p;(0)p,(1)),
where p,(t) is the Fourier ¢ component of the microscopic
density and ¢ is the exchanged momentum [19]. In more
detail, the scattered intensity is collected for a sequence of
times by a pixelated 2D detector at a scattering angle &, which
defines the exchanged momentum via g = (4z/4) sin(6/2),
where A is the wavelength of the incident x-ray beam. For
each investigated 6, the angular resolution is chosen by
dividing the detector image in regions of interest (ROI). The
scattered intensity at a given time and for a pixel (p)
belonging to a given ROL 1,(¢), is then utilized to calculate
the two-time correlation matrix:

<Ip<tl)1p(t2)>
(I, (1))(1,(12))”

where (...) is an average over the selected pixels.
Equation (1) can alternatively be written in terms of the
waiting time #,, = #; and lag time ¢t = #, — #;. Averaging
C,(ty.t, +1) over t,, we gain access to the function
92(q,1) =1+ A|F(q, t)|*, where A is an instrumental con-
stant known as the contrast [19,20]. Phenomenologically,
|F(q,1)|* can be described by the so-called Kohlrausch-
Williams-Watts (KWW) function [21]:

Cylt1.1r) = (1)

|[F(q.0) = 3 exp[-2(1/7(q))"“)]. (2)

where 7(g) is the relaxation time, (¢q) the shape parameter,
and f, the strength of the relaxation process. In the following,
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we will not evaluate A and f, separately; only the effective
contrastc = Af’ 31 will be considered. When Eq. (2) is used to
describe the spontaneous dynamics in glasses and under-
cooled liquids, usually one finds f < 1, a sign of a hetero-
geneous dynamics [22]; however, it is not uncommon to
observe f# > 1 in arrested systems, which is considered as a
signature of a stress-release mechanism [23-25]. In addition,
the g dependence of the parameters of the KWW function
gives precious information on the dynamics that the particles
undergo. For example, in the case of Brownian diffusion, the
relaxation time for the self-component of F(q,t) scales as
7 1/g? [20], corresponding to a mean-squared displace-
ment (AR(#)?) « t. For undercooled liquids, the parameters
(z, f) become almost g independent if not for a modulation in
phase with the scattered intensity I(g) [26]. For what
concerns 7(q), this feature is usually referred to as the de
Gennes narrowing effect [27], and it is a characteristic
signature of collective dynamics. Finally, a ballistic behavior
(t < 1/¢q) is usually rationalized in terms of a stress-induced
velocity field that drives the dynamics [28,29].

Recent experiments carried out on oxide glasses have
shown that XPCS is very sensitive to the defects generated
by the x-ray beam in a pump-and-probe fashion [30-32]:
Hard x-ray photons induce (pump), by photoelectric
absorption, structural defects that result in structural rear-
rangements detected by photons of the same beam (probe).
The typical time of this structural relaxation process scales
inversely with the dose rate delivered to the sample, which
is the hallmark of its induced nature [30]. However, a
comprehensive understanding of the microscopic mecha-
nisms behind this induced dynamics is still missing, as is the
reason for clear qualitative differences between different
materials [30,32-35].

Here, we exploit recent improvements of XPCS to shed
some new light on this effect. We show that we are, in fact,
witnessing a transition of general interest. In Fig. 1(a), we
report a two-time correlation matrix for a LiBO, glass. We
are in the presence of a nonstationary process. In fact,
averaging the correlation matrix over different time inter-
vals (colored squares), we obtain different ¢,(q, ) func-
tions; see Fig. 1(b): At short 1, the g,(g, ) function is
compressed (f# > 1), while at longer t,,, it becomes stably
stretched (f < 1). The time-averaged function will clearly
depend on the total integration time. Given the relatively
low dose (short ¢,,) corresponding to the initial transient
dynamics and the low-scattering cross section of borate
glasses, it is not surprising that, in previous works [34,36],
this effect was unnoticed. However, Fig. 1 demonstrates
that a careful time- (or dose-) dependent study is required,
as we discuss in the following.

A. Low-dose limit

Measuring density correlation functions in the low-dose
limit, i.e., at doses corresponding to one characteristic
decay time 7 or less, is challenging. Usually, in fact, even

(a)
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FIG. 1. (a) Two-time correlation matrix for a LiBO, glass at

g = (17.0 £ 1.7) nm~!. The two squares show two submatrices
utilized to compute correlation functions at two different waiting
times f,,. (b) Two correlation functions computed at short and
long ¢,, as shown in panel (a), reported after baseline, d,
subtraction, and normalization to the initial contrast, c. KWW
fits to the experimental data are also shown. These two functions
have similar relaxation times 7 [(19.5 + 0.4) s and (20.3 + 1.6) s,
respectively] but different shape parameters f (1.57 £ 0.07 and
0.51 £ 0.05, respectively).

for a multispeckle detection scheme like the one adopted
here [37], in order to reach an acceptable statistical quality,
one needs to acquire a sequence of images over at least
several tens of 7, which is something we need to avoid here.
We then adopt a different scheme. We acquire a series of
images during a time interval of one 7 on a grid of points on
the sample to gain by ensemble averaging what we cannot
gain by time averaging.

Figure 2(a) presents a set of g,(q, t) for a selection of ¢
values measured in this way. In order to correctly describe
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FIG. 2. (a) The ¢,(g, t) functions for a LiBO, glass in the low-

dose limit for a selection of different exchanged wave vectors and
for a total integration time of z. The correlation functions are
reported with the baseline, d, subtracted and after normalization
to the experimental contrast, c. The black dashed-dotted lines are
evaluated using the parameters reported in panels (b) and (c).
(b) Low-dose relaxation time as a function of ¢. The power-law fit
(red dashed line) corresponds to 7y « ¢~%, with o = 1.05 £ 0.02.
(c) Low-dose shape parameter 3 as a function of ¢g. The values of
pPo are g independent in the considered ¢ range and have an
average value of (f;) = 1.72 £ 0.16.
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these correlation functions using the KWW ansatz, it is
important to take into account the strong dose (or ft,)
dependence of its parameters. Then, it is possible to access
the low-dose limiting values for 7 and f, 7, and p,
respectively; see Supplemental Material [38] for more
details. In Fig. 2(b), the obtained 7, values are reported
as a function of ¢. Fitting a power law to the data,
70(q) = (bg®)™!, gives @ = 1.05 4 0.02 (red dashed line).
Here, b is a coefficient proportional to the dose rate. Our
data are then compatible with a decay time inversely
proportional to g. The corresponding values for the shape
parameter f,(q) are reported in Fig. 2(c). They are all
compressed, ff; > 1, and show no dependence on ¢. Their
mean value is (fy) = 1.72 £0.16, compatible with 3/2
within 2 standard deviations. These results are interesting
because the values a =1 and f = 3/2 are considered
signatures of ballistic dynamics, as observed in many
soft-matter systems [23,28,29,39-45] and in numerical
simulations [46,47].

Given the similarity of our results with those reported in
soft matter, we can exploit the approach developed in
Ref. [28] to interpret the results of Fig. 2. In more detail, we
can rewrite the density correlation function as

F(g, 1) = e l/m@o — o=l — (oiaaR(0y (3)

Here, AR(7) is the atomic displacement at time ¢, and the
last equality is the expression of the intermediate-scattering
function when it is approximated with its self-component
[20]. Equation (3) allows us to use a simple model to
describe the experimental data [23,28]. This model is based
on a distribution of rare elastic dipoles (stress sources),
which induce an atomic displacement field that scales as
AR ~ 72, r being the distance from the dipole. In light-
scattering experiments in soft matter, these stress sources
arise spontaneously in the aging material [23]; here, the
stress sources are the defects generated by x-ray absorption.

We have direct evidence for the generation of defects in
our glasses upon x-ray exposure. At the end of the
experiment, the samples, which were initially transparent,
displayed clear color centers at the spots hit by the x-ray
beam. This effect, quite common when irradiating trans-
parent insulators, is a clear indication of the x-ray-induced
generation of defects in these glasses. More generally, the
generation of defects in lithium-borate glasses exposed to
ionizing radiation is a well-known effect that has been
investigated in detail [48,49]. In fact, given that the
effective atomic number of lithium-borate glasses is quite
similar to the tissue’s value, the dependence of the number
of generated defects on the radiation dose has driven
research in the fields of clinical and personal dosimetry
since the early 1970s [50]. Our samples are not exceptions
in this regard, and evidence of the generation of optically
active defects upon x-ray exposure is reported in the
Supplemental Material [38].

Concluding this section, at low doses, we observe the
effect of a diluted distribution of noninteracting defects,
each behaving as a shear transformation zone described as
an Eshelby inclusion, inducing an elastic displacement
field. Our irradiated glass is only slightly modified by x-ray
irradiation and still behaves like an elastic solid. At the
microscopic scale, it corresponds to a glass under load in
the low-stress limit of its stress-strain curve.

B. Increasing the dose

Figure 3 shows the exchanged momentum dependence
of the relaxation time 7, panel (a), and shape parameter /3,
panel (b), for a few selected doses; see Supplemental
Material [38] for some examples of the correlation func-
tions used to extract these fit parameters. Upon increasing
the irradiation time, f# tends to decrease, accompanied by a
weaker dependence of the relaxation time on ¢q. After
irradiation with a dose of close to 1 GGy, both z(g) and
B(q) start to show a peak around the position of the
maximum of /(g) at g~ 17 nm~".

In order to clarify the origin of the dose dependence of
the parameters reported in Fig. 3, we report in Fig. 4(a) the
scattered intensity /(g) over the investigated ¢ range for a
few selected doses. Small but clear changes can be
observed on increasing the dose: The peak intensity
decreases, and the main peak broadens, accompanied by
an increase of intensity at small angles. These effects,
qualitatively similar to those reported for a SiO, glass [30],
suggest that the glass becomes more disordered as the
irradiation proceeds: A larger distribution of interatomic
distances (more disorder) can explain the slight broadening
of the first peak in I(g) while the increase of intensity at
small angles suggests that the glass is rejuvenating under

(@) (b)
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O\‘\, @ 1.3 GGy
102 o {>\'<> » 1.9 GGy
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FIG. 3. (a) Relaxation time as a function of g for a few selected
doses for a LiBO, glass. (b) Shape parameter as a function of ¢
for the same doses as in panel (a). At high doses, a clear de
Gennes narrowing effect can be observed in the ¢ dependence of
7, and a related oscillation appears also in that of f. Light-
blue diamonds are the low-dose limiting values 7, and f,, and
they correspond to a zero absorbed dose (see Supplemental
Material [38]).

041031-4



REACHING THE YIELD POINT OF A GLASS DURING ...

PHYS. REV. X 13, 041031 (2023)

0.10 2
——0.04 GGy (a)
——0.5 GGy
——1.3 GGy

0.08 1 ——1.9 GGy

=151
) £z
2 0.06 5
= 2
= g
o -~ i
< 0.041 < *

0.021

0.5

5 10 15 20

g [nm™1] Dose [GGy]

FIG. 4. (a) Scattered intensity for a few selected doses. (b) Left
axis: shape parameter f (blue circles) together with the scattered

intensity (gray line) as a function of the absorbed dose. Both data
sets correspond to the exchanged wave vector ¢ = 17 nm~..
Right axis: fitted power-law exponent a (orange diamonds) as a
function of the absorbed dose. Note that « has been extracted by
fitting a power law to the g dependence of the relaxation time,
7= (bg®)™!, in the range 2 < g < 6 nm™', thus avoiding the de
Gennes narrowing range.

the beam [51]. This result is clearly consistent with an
increasing density of defects on increasing the dose and
also with the computational observation that the defected
regions are, in fact, rejuvenated with respect to the glass
matrix [52].

It is interesting to compare the dose dependence of the
scattered intensity with that of the relaxation time and shape
parameter that describe the density correlation functions, as
reported in Fig. 4(b). In particular, we report the dose
dependence of f (blue circles), together with that of the
intensity scattered at the peak of I(g) (gray line) and of the
coefficient o (orange diamonds) of the power law that
describes the g dependence of 7 at low ¢. Interestingly, all
three quantities change on a very similar dose scale of
around 1GGy. At doses somewhat higher than around 1.9
GGy, both the structure and the dynamics of the irradiated
glass reach a stationary state, which we refer to in the
following as the fully irradiated glass. Figure 4 thus shows
that the changes in the density correlation function proceed
together with the structural changes: Both are related to the
continuous increase of the density of defects upon irradi-
ation. We also observe that there seems to exist a maximum
number of defects that can be generated in a glass by x-ray
irradiation, and the glass with the maximum number of
defects corresponds to the fully irradiated glass: For every
newly generated defect, another one heals, like in a liquid at
equilibrium.

Generalizing the approach that leads to Eq. (3), we can
rewrite the intermediate-scattering function as

F(g.1) = e”®r", 4)

where b is again a coefficient proportional to the dose rate,
and where y = 1/a and p = af are extracted from the data
reported in Fig. 3. This description is possible in the dose
range where the parameters @ and f are g independent,
which corresponds, in the present case, to doses up to
around 1 GGy.

In the low-dose limit, it was possible to use a simple
model of noninteracting elastic dipoles to describe the
functional form found for F(q, ). At larger doses, where
we expect a denser distribution of defects, that model does
not hold any longer, but we can still obtain information on
the displacement field. In fact, approximating the inter-
mediate-scattering function with its self-component, it is
possible to write [20]

Flg.) = (¢*%0) = [ g(AR(1)ea R 0a(aR).  (5)

Here, g(AR(¢)) is the distribution function of AR(7) at
time 7, also known as the self-component of the van Hove
function [20]. Starting from the knowledge of F(q, t) that
we measure, we can invert Eq. (5) to extract the function
w(AR(1)) = 4z°(AR(1))?g(AR(z)), which represents the
distribution function of the modulus of AR(7) [28]. The
result is

2AR(r) d
AR(1)) = — ———L, o(AR/(b1t)"), (6
— p=1.80 2
103 s 0=0.79
—— p=0.30
Ql
10!+ W
:‘a 00 0 0.5 1.0
s 107 . Dose iGGy] .
d
2 10—3<
1073
1077 4 T - : .
1072 107! 10° 10! 102 103
AR / ARy

FIG. 5. Distribution function w(AR) of the modulus of the
atomic displacements AR for different values of p (different
doses). The tail of the distribution becomes more and more
pronounced on decreasing the p value: Long displacements
become more and more probable on increasing the absorbed
dose. The distributions are reported as a function of normalized
displacements, where ARy = (bt)?. Inset: dose dependence of
the coefficient p. Three points (blue, green, and red diamonds)
correspond to the functions reported in the main figure. For each
dose, the p value is calculated using the corresponding value of
the shape parameter f, together with the g dependence of the
relaxation time.
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where L, is the Lévy stable law, characterized by an
asymptotic power-law decay: L,  ~ (AR)~(P+1) [20,28].
This approach allows us to interpret the dose dependence of
the parameters 7 and f in terms of changes in the distribution
of atomic displacements, which is shown in Fig. 5, where we
report the function w(AR) evaluated for a selection of
coefficients p = aff among those reported in the inset.
The coefficient p decreases monotonically from the low-
dose value compatible with that typical of an elastic dis-
placement field generated by a distribution of isolated
defects, i.e., p = 3/2, to a smaller value close to 0. Small
values of p are delicate as they imply a distribution of
displacements with undefined mean and variance. This is
likely a consequence of the limited ¢ range over which the
XPCS experiment has been carried out and thus of the limited
g range used to Fourier transform the measured intermediate-
scattering function to obtain the distribution of the atomic
displacements. In other terms, the power-law dependencies
corresponding to small values of p reported in Fig. 5 cannot
last forever; rather, they must feature a cutoff somewhere that
could possibly be reached by increasing the g range over
which the XPCS experiment is carried out. Still, the tendency
of the tail of the distribution of displacements to flatten, at
least in the vicinity of its peak, upon increasing the dose is an
interesting observation. A smaller value of p corresponds to a
fatter tail of the Lévy stable distribution that enters Eq. (6) and
thus to a larger probability for displacements to larger
distances. This trend is consistent with the idea that, on
increasing the density of plastic regions and thus in a more
disrupted network, larger displacements are more and more
facilitated, though they remain clearly nondiffusive.

For doses larger than about 1 GGy, the de Gennes
narrowing effect starts to appear in the ¢ dependence of r,
a sign that collective effects start to play a more and more
relevant role in the dynamics. The approximation leading to
Eq. (6) in the glass irradiated with a low dose cannot hold any
longer: In the glass irradiated with a high dose, we no longer
probe the displacement of a single particle; instead, a
correlated atomic motion dominates the density fluctuations.

C. Glass at the yield point

The dynamical properties of the fully irradiated glass
show strong similarities with experimental and simulation
results for undercooled liquids: an almost g-independent
decay time 7 displaying the de Gennes narrowing effect
[27] and a stretching parameter # < 1 oscillating in phase
with the structure factor [26]. Actually, the comparison
between the shape of the density correlation function for
the fully irradiated glass and for the liquid can be taken
much further.

In Fig. 6(a), we compare the g¢,(g,t) function for the
fully irradiated glass (corresponding to a dose of 1.9 GGy)
and for the undercooled liquid measured with both XPCS
and dynamic light scattering; see Supplemental Material
[38] for more details. The shape parameter for the fully

1.5
(a)1.0~ (b) §
0.8 %
S} r1.0
< 0.6 x
2 "
o -~
‘é 0.4 [
= L0.5
¢ 1.9GGy O Liquid
0.0] —DLS ¢ 196Gy
: : , , —10.0
1071 10! 5 10 15 20
tit glnm]
FIG. 6. (a) The g,(q, ) functions plotted in terms of time scaled

by the decay time for a fully irradiated glass (absorbed dose of 1.9
GGy, green diamonds) and for the undercooled liquid at 7 =
708 K (orange circles). The continuous cyan line is for dynamic
light-scattering data at 738 K. The g, (g, ¢) functions are reported
after subtraction of the baseline and normalization to the
experimental contrast. (b) Relaxation time as a function of the
exchanged wave vector ¢ for the same fully irradiated glass and
supercooled liquid as in panel (a), same symbols. Both data sets
have been normalized in order to emphasize the similarity of their
q dependence. The values used for the normalization are 7,,,, =
20.9 sat g = 14.2 nm™! for the fully irradiated glass and 4.3 s at
g = 15.1 nm™! for the undercooled liquid.

irradiated glass matches the one of the undercooled liquid
(# = 0.57 = 0.04), as confirmed by the fact that all curves
overlap. Moreover, in Fig. 6(b), the ¢ dependence of the
(normalized) relaxation time for the fully irradiated LiBO,
glass is shown, together with the one of the undercooled
liquid. They are also very close to each other, and both
display the de Gennes narrowing effect. In other terms, the
density correlation function at the interatomic length scale
of a fully irradiated glass is very similar to that of a liquid,
both in terms of ¢ dependence of 7z and in terms of 5. We
expect that this striking similarity will break down at
sufficiently low ¢, i.e., at the macroscopic scale, where
the difference between a liquid and the irradiated glass
should be clear.

In the fully irradiated glass, we are witnessing the
structural relaxation that follows the generation of a defect.
However, the density of defects is so high that the way the
system reacts to this novel defect is very close to how a
spontaneous fluctuation relaxes in a liquid: The matrix is no
longer elastic but flows; we are at the yield point. Here, this
very special point, which is crossed abruptly in a standard
stress-strain experiment, becomes a stationary state during
x-ray irradiation at a sufficiently high dose.

Clearly, the yield point reached by irradiation is not the
same yield point reached in stress-strain experiments. In
fact, it cannot be: The fully irradiated glass reached here
does not flow macroscopically while a glass loaded beyond
the yield stress does. Still, these two approaches both lead
to yielding; i.e., in both cases, the obtained glasses display a
fully plastic response following a density fluctuation.
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III. CONCLUSIONS

Here, we have shown that the entire transition of a glass
from the elastic limit to the yielding point that is traditionally
realized in stress-strain experiments can alternatively be
realized at (almost) constant volume by increasing the
density of plastic regions (defects) upon x-ray irradiation.
The amorphous states at yield and along the whole transition
between the elastic limit and the yield point reached by these
two approaches are different, thus offering a new approach to
a difficult problem under current scrutiny, that of the
mechanical properties of amorphous materials in the plastic
regime at the microscopic scale [2]. We expect that the
detailed comparison between the sequence of amorphous
structures reached with these two approaches will be
particularly rich in information. In particular, the control
of the density of plastic regions generated by irradiation and
the simultaneous microscopic characterization by XPCS of
the elasto-plastic response of glasses can provide information
currently impossible to achieve experimentally with other,
more traditional schemes. In the way it has been used here,
XPCS amounts to a tool to probe the mean atomic dynamics
in a glass with an increasing density of defects. As such, it
complements the continuous developments to obtain similar
information by imaging techniques [53] but with the unique
advantage of providing statistically robust results at the
interatomic scale.

One clear specific point of interest in our experimental
approach is the possibility to design the distribution of
defects in a glass by the appropriate choice of the x-ray
beam profile and/or by an appropriate distribution of x-ray-
absorbing atoms in the glass. This should be compared with
the stochastic appearance of plastic regions in a strained
glass. This advantage can be exploited to study the
interaction of defects in a controlled way, which can be
relevant for the development of more refined theories or
models. More generally, the dose can be controlled very
accurately, and therefore, the approach to the yield point
and beyond can be followed in small steps, contrasted with
the very abrupt mechanical failure that is reached in
standard stress-strain experiments for brittle materials like
glasses. While in the present experiment XPCS has been
used to explore a ¢ range that covers slightly more than a
decade, a much larger g range, maybe covering up to three
decades or more, can be explored in an optimized experi-
ment. This approach can then be very useful to provide
feedback to the development of novel theories describing
the mechanical properties of amorphous materials with a
high density of plastic regions as, e.g., the recent theory of
screened elasto-plasticity [16,54].
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APPENDIX

1. LiBO, glasses

The glasses used here were prepared by melt quenching,
with lithium carbonate (Li,COj3, 99.9% purity) and anhy-
drous boron oxide (B,03, 99% purity) as starting materials,
both purchased from Sigma-Aldrich. More specifically, a
few grams of these materials were placed in a furnace
(temperature stability £1 K) and heated to 398 K for
24 hours. This baking is essential to remove water and then
correctly weight the amount of Li,CO3 and B,O5 needed to
reach the target alkali molar fraction. The dried powders
were mixed and melted in an alumina crucible at 1273 K for
4.5 hours. The melt was then quenched by pressing it
between stainless-steel plates preheated at 473 K. The
obtained glass was annealed below the tabulated glass
transition temperature [55] for 6 hours and then cooled
down to room temperature at a rate of 0.5 K/min.
Eventually, the samples were cut in the shape of
disks and polished to the desired thickness with abrasive

paper.

2. XPCS experiment

The XPCS experiment was performed at beamline P10 of
the PETRA III storage ring in Hamburg (Germany). A beam
of 8.4 keV photons (1 = 1.476A) was monochromatized
with a Si(111) channel-cut crystal and focused with beryl-
lium compound refractive lenses onto a spot of 1.9 x
2.7 pm? (V x H) full width half maximum (FWHM). The
sample was mounted in vacuum, and the scattered intensity
was collected at different scattering angles (6 ~2° — 30°)
using an EIGER 4M detector mounted on a goniometer arm.

The photon flux was measured with a calibrated photo-
diode placed downstream of the sample, and the obtained
result was Fy = 5.7 x 10! ph/s, with 100 mA of current
in the storage ring. The absorbed dose was calculated
considering an elliptical beam cross section, with semiaxes

equal to the corresponding FWHM/ /2 In(2) values. The
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dose rate used for this experiment is then 4 MGy for 1 s of
exposure. The samples of lithium metaborate glasses,
LiBO,, were prepared with thicknesses W ~ 100-150 pm.
These values, despite being well below the attenuation
length at the x-ray beam wavelength (1 = 683 pm), are a
reasonable compromise to reach a high enough speckle
contrast and a high enough intensity in the wide-angle
scattering range. The XPCS measurements were per-
formed at room temperature as a function of the dose.
One set of measurements was collected above the glass
transition temperature in the undercooled liquid state
(T =708 K). For that measurement, a furnace under
vacuum was used to reach the temperature of interest.
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