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Abstract

®

CrossMark

The yield point marks the beginning of plastic deformation for a solid subjected to sufficient
stress, but it can alternatively be reached by x-ray irradiation. We characterize this latter route in
terms of thermodynamics, structure and dynamics for a series of GeSes chalcogenide glasses
with different amount of disorder. We show that a sufficiently long irradiation at room
temperature results in a stationary and unique yielding state, independent of the initial state of
the glass. The glass at yield is more disordered and has higher enthalpy than the annealed glass,
but its properties are not extreme: they rather match those of a glass instantaneously quenched
from a temperature 20% higher than the glass-transition temperature. This is a well-known, key
temperature for glass-forming liquids which marks the location of a dynamical transition, and it
is remarkable that different glasses upon irradiation head all there.

Supplementary material for this article is available online

Keywords: glasses, yielding, x-rays, chalcogenide glasses

The interest for glasses has been growing continuously fol-
lowing the increasing awareness of their importance, both
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at the fundamental level and in countless technological
applications [1].

In many practical uses, ranging from materials science and
engineering applications to civil construction, the understand-
ing of their response to stress and the possibility to predict
the elasto-plastic transformation and the fracture point at high-
stress levels are crucial. The complex rheology of soft amorph-
ous materials is also strongly related to this topic, and is
a key aspect in biophysics and soft matter applications [2].
However, the intrinsic structural disorder of glasses and the
dependence of their properties on the preparation procedure
and thermal history complicate considerably both theoretical
and experimental investigations of the phenomenon [3] and

© 2024 The Author(s). Published by IOP Publishing Ltd
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make the progress in the field much slower than for crystalline
materials [4].

In this context, the yielding transition holds a particular rel-
evance and has been under investigation for decades [5-7].
Beyond the yield point a solid subjected to mechanical stress
displays plastic response. There is now increasing evidence
that plastic events in glasses appear in the form of shear trans-
formation zones, which are localized particle rearrangements
releasing the accumulated stress [8, 9].

The yielding transition takes place when the density of
these plastic regions is such that they form system-spanning
structures [10—12]. Numerical simulations of model glasses
[13—15] demonstrated that yielding can be cast in the general
framework of phase transitions. The degree of disorder in the
initial glass, fixed, e.g. by the cooling rate used to quench the
glass from the melt, is suggested to play a key role to charac-
terize the properties of this transition [14, 16].

When yielding is mentioned, the typical association is with
the response of a material to stress or strain, and the numer-
ical works mentioned earlier simulate this situation. However,
we have recently proposed that yielding can alternatively be
reached via x-ray irradiation [17]. The density fluctuations
probed at inter-atomic distances during irradiation clearly
show a transition from a solid-like behavior in the low dose
regime (short irradiation time) to a behavior that, at high
doses, matches the response of a flowing (yielding) material.
In these experiments, the point defects generated upon irra-
diation are suggested to play the role of shear transformation
zones [17]. Similar phenomena have been observed in chal-
cogenide glasses subjected to visible or infrared irradiation
[18, 19]. Glasses containing As, Se or S are particularly photo-
sensitive: laser irradiation can lead to an athermal fluidization
of the glass [20, 21], though the competition between purely
photo-induced and thermal effects remains a delicate and dif-
ficult matter of investigation [22].

Exploiting the photosensitivity of chalcogenide glasses, we
here explore the yielding transition in a series of GeSes glasses
upon x-ray irradiation. This allows us to characterize this
new path to yielding not only in terms of the thermodynamic
response at the macroscopic scale but also in terms of the struc-
tural and dynamical response at the atomic scale. The proper-
ties of the glass prepared via x-ray induced yielding turn out
to be very peculiar, as described in the following.

1. Results

1.1. X-ray induced modifications

The atomic-scale structural and dynamical information on
amorphous GeSe; under x-ray irradiation has been obtained
by simultaneous x-ray diffuse scattering and x-ray photon
correlation spectroscopy (XPCS) measurements. In this part
of the study, we used a focused x-ray beam with a flux of
7 x 10"°phs~!. Both techniques are based on the collection
of the time dependence of the scattered x-ray intensity, I(g,),
where the scattering vector ¢ = %Tsin(6/2) is defined by the
scattering angle, €, and the x-ray wavelength, A\. We fixed the

scattering angle to probe the scattering vector g,, = 1.06 A~
in order to focus on the intermediate-range order around the
Ge-sites [23, 24]. X-ray diffuse scattering is used to mon-
itor the changes in the atomic structure at this length-scale;
XPCS probes, instead, the atomic dynamics encoded in the
intensity correlation function, g,(g,t) [25, 26] (see SI for more
details).

The XPCS results for a GeSe; glass prepared by quench-
ing to room temperature from the melt at a rate of 10K s™!
are shown in figure 1(a). The measured g»(g,t) functions
are reported after baseline (d) subtraction and normaliza-
tion to their short-time value (c¢), see SI for more details.
These functions decay on a timescale of a few seconds: this
is the timescale for atomic displacements over inter-atomic
distances. Given that the glass-transition temperature, T, of
this glass is much higher than room temperature [27], the
observed dynamics cannot be the spontaneous dynamics of
the glass, which is expected to be ultra-slow, but is rather
induced by the x-ray beam. We remark that this effect is
purely photo-induced and that the beam-induced temperat-
ure increase is negligible, see SI for experimental verifica-
tion. This is also the same effect already observed in silicate,
borate, and other chalcogenide glasses [28-30]: the charac-
teristic decay time of the g»(g,?) functions depends on the
dose-rate, but still remains sensitive to the atomic network
[31] and to its modifications upon irradiation [17]. As found
in these previous studies, the x-ray beam also induces clear
structural changes as reported in figure 1(b). These data show
that, following a transient regime that lasts about 100s, the
glass reaches a stationary state where neither the structure nor
the induced dynamics show any further change. This state has
been identified as the yielding glass in a recent work [17]. We
note that the existence of a stationary state has been repor-
ted in glasses for nuclear waste applications after heavy ion
irradiation [32], and despite the different mechanisms involved
with different ionizing radiation, it might bear similarities to
our observations. Moreover, we find that the stationary state
is stable at room temperature: if the x-ray beam is switched
off for some time and then turned on again, the structure
and dynamics of the glass remain unchanged. On the other
hand, the initial state can be fully recovered after heating
up the glass above T, and then quenching it down to room
temperature.

12. Effects of the preparation protocol of the initial glass

Next we focus on the transient regime up to the yielding point
for a GeSe; glass melt-quenched to room-temperature at dif-
ferent cooling rates. In order to get a more detailed understand-
ing of the x-ray induced transformation, we probe the glasses
by fast differential scanning calorimetry (FDSC) as a function
of the x-ray irradiation time employing a recently developed
setup [33]. In this part of the study, we use a rather unfocused
x-ray beam with an intensity of 9 x 10'! phs~! which can irra-
diate the entire sample probed by FDSC. The time required to
reach the stationary state depends on the x-ray dose (energy
per unit mass) delivered to the sample: using the unfocused
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Figure 1. Stationarity and stability of a GeSe; glass at room temperature yielding upon x-ray irradiation. Atomic dynamics (a) and structure
(b) of a GeSes glass quenched at 10K s™ ' In (a) the intensity correlation functions, g»(q, ), are reported after baseline [d] subtraction and
normalization to their short-time value [c]. In (b) the x-ray scattered intensity is reported after normalization to the isosbestic point at

0.99 A~". Full markers in blue, yellow, orange and red are associated with measurements taken on the same spot in the glass at times
specified in the axis above the figures. Both dynamics and structure are stationary after ~100s of irradiation with the focused x-ray beam,
see figure S8 in the SI for further details. The right pointing red triangles correspond to measurements taken on the same initial spot after a
pause (with the x-ray beam off) and show that the glass reached by irradiation is stable. The half-light blue diamonds refer to measurements
on the same spot but after heating up the sample above T's and cooling it back to room temperature, and show that the pristine structure is

thus recovered.

configuration, this time is longer than with the focused beam,
see figure S7 in the SI for more details.

Figure 2 shows the FDSC traces (a) and the scattered intens-
ity around the first sharp diffraction peak (b) for GeSes glasses
quenched at four different cooling rates. For each cooling
rate, the measurements carried out at the start of the irradi-
ation are compared with those corresponding to irradiation
times sufficiently long to be in the stationary state. The sta-
bility of the pristine glasses (dashed lines in figure 2(a) can
be inferred from the intensity of the enthalpy recovery peak
appearing across the glass transition: the higher the enthalpy
recovery peak, the higher the stability (the lower the enthalpy)
of the pristine glass. The measurements performed after x-
ray irradiation in the stationary state reveal that irradiation
leads to a clear rejuvenation of the glass, i.e. to a state of
higher enthalpy, and this is more evident for initially more
stable glasses quenched at lower rates. At the quenching rate
of 14000 K s~!, the glass is calorimetrically almost insensitive
to x-ray irradiation. Similar trends can be observed in terms of
scattered intensity, as shown in figure 2(b).

In particular, upon x-ray irradiation, we observe a reduction
of the peak intensity and a shift of the peak position towards
lower g-values. This behavior is qualitatively similar to the one
observed in SiO, [28] and LiBO; [17]. However, the possibil-
ity to precisely control the cooling rate, and hence the stability
of the initial glass, unveils a richer phenomenology. In fact,
the changes induced by irradiation are stronger for initially

more stable glasses, which is consistent with the FDSC res-
ults. The peak intensity reduction is an indication of increasing
disorder at the intermediate length-scale [23, 24], consistent
with the rejuvenation of the glass. The glass at yielding dis-
plays then both a higher enthalpy and increased disorder at the
intermediate-range length-scale compared to its initial state.
As a consequence, it will likely also display a more ductile
mechanical response [34], though this remains to be verified.

1.3. Uniqueness of the yielding state

In figures 3(a) and (b), we compare the FDSC traces and
scattering intensities in the pristine states and after reaching
the yielding point. Remarkably, despite the significant differ-
ences for the initial states, the datasets overlap after reach-
ing yielding. This suggests that, at yielding, the sample loses
memory of its initial state and reaches a unique state in terms
of enthalpy and structure at the intermediate length-scale.

We emphasize that the uniqueness of the yielding state
refers here to the observation that this state is independent of
the initial glass state and independent of the x-ray beam intens-
ity/fluence, see figure S7 in the SI for experimental verification
of this second point. However, the transition to the yielding
state can still change (and will likely do) irradiating a glass
at different temperatures, we will get back to this point later
on. Also, given that the x-ray-induced changes of the ther-
modynamic and structural properties of the glass quenched at
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Figure 2. Effects of x-ray irradiation on GeSes glasses quenched at different cooling rates. (a) Fast differential scanning calorimetry traces
of GeSes glasses as quenched (dashed lines) and at yielding (full lines). All curves have been measured with a probing rate of 2000 K s ™!
(b) X-ray scattered intensity around the first sharp diffraction peak at the start of irradiation (circles) and at yielding (squares). All curves,
except the first from the bottom, are shifted by a constant with respect to the lower one: 0.05mW in panel (a) and 0.1 in panel (b).

14000 K s~! are almost negligible, we can anticipate that the
yielding state of GeSe; glasses irradiated with x-rays at room
temperature is likely similar to a glass cooled down at that
rate.

The FDSC traces measured as a function of cooling rate,
r, and irradiation time (dose) can be used to compute the
enthalpy of the corresponding glasses, and the results are
shown in Figure 3(c). The enthalpy values have been all
computed with respect to the same reference, see methods.
The maximum enthalpy change upon irradiation amounts to
~1.5kImol~!, similar to what was observed in bulk Ge—
As-Se glasses upon sub-band-gap irradiation [35]. This is a
remarkable enthalpy change, though comparable values are
also reported in some organic glasses, e.g. in hyperquenched
propylene glycol [36].

The data in figure 3(c) confirm quantitatively our observa-
tions above: the stationary glasses at yielding are iso-enthalpic,
regardless of the enthalpy of the initial state. The increase in
enthalpy as a function of irradiation time can be fitted with a
stretched exponential function of the form:

H(r,1) = Ho (r) + AH, (1) [1 —e(t/T)B], (1)

where Ho(r) and AH,(r) are the rate-dependent enthalpy of
the pristine glass and the enthalpy change upon irradiation,
respectively; 7 and [ are a characteristic time and a shape
factor, respectively, which turn out to be independent of the
rate and have the values 7 = (69 +5)s and 5 =0.53 +0.02.
Moreover, the amplitude of the enthalpy variation AH, is dir-
ectly related to the stability of the pristine glass: the lower is

the cooling rate, the higher is the enthalpy variation induced
by the x-ray beam.

Similarly, the intensity at the first sharp diffraction peak
of the scattered radiation decreases to the same level for all
glasses, see figure 3(d), and again according to a stretched
exponential decay. The characteristic time and stretching coef-
ficient that describe the dependence of the scattered intens-
ity on the irradiation time are 7 = (227 £ 8)s and 5 = 0.82 +
0.03. The values of the relaxation time associated with
enthalpy and intensity variations are close to each other (within
a factor three), indicating that dynamic and thermodynamic
modifications occur on comparable timescales.

Remarkably, these results bear strong qualitative similarit-
ies to numerical simulation results for glasses subjected to cyc-
lic deformation [37]. Both upon irradiation and cyclic deform-
ation, a glass reaches a unique yielding state independent of
the properties of the initial glass. However, there is an import-
ant difference between these simulation results and our res-
ults here: while the sheared glasses undergo a clear first-order
transition at yield, with a finite jump of the internal energy
across a critical yield-strain, in our case the enthalpy changes
across the yielding transition are continuous. Nonetheless, the
results are not incompatible, because the yielding transition
is reached through different paths: by increasing either the
strain or the dose. In particular, when a glass is subjected to
a slow shear deformation, plastic flow proceeds until yield via
a sequence of sudden, localized flow events that take place at
soft spots in the glassy matrix. In the case of x-ray irradiation
explored here, instead, the sequence of flow events in the struc-
ture, initiated by the formation of point defects, is stochastic: it
takes place at random positions in the network structure which
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Figure 3. Structural and thermodynamic evolution of GeSes glasses upon irradiation. (a) FDSC traces of the glasses as-prepared (left) and
in the stationary state (right). (b) The corresponding patterns of the scattered intensity around the first sharp diffraction peak. (c) X-ray
irradiation-time dependence of the enthalpy of GeSes glasses quenched to room temperature at different cooling rates. The enthalpy values
are computed with respect to the same reference, which is the glass prepared by cooling at 10 K s~!. Within errorbars, all glasses reach an
iso-enthalpic state independently of their initial stability. (d) X-ray irradiation-time dependence of the x-ray scattered intensity at the first
sharp diffraction peak for the same glasses as in (c). Also in this case, within errorbars, all irradiated glasses reach an iso-structural state

independently of their initial stability.

are related to the random locations of x-ray absorption events.
As such, the sequence of flow events in a glass upon x-ray
irradiation seems more similar to what one would expect for a
supercooled liquid in (metastable) equilibrium conditions.

2. Discussion

The observation that the characteristic time 7 and the shape
factor (3 that describe the enthalpy increase upon irradi-
ation are independent of the initial glass has further implic-
ations. In fact, once the total enthalpy change is normalized,
for each glass, to the maximum enthalpy change, [H(r,?) —
Ho(r)]/AH,(r), a master curve is obtained, as shown in
figure 4(a). This conclusion also holds for the intensity vari-
ations, see SI. In other words, the same time constant charac-
terizes the approach to the yield point of a very stable glass
as well as an unstable one. This can be understood if we con-
sider that x-ray photoabsorption events take place randomly in
the glass: the build-up of a network of point defects is expec-
ted to be described by the same characteristic amount of time
regardless of the defect concentration at the beginning of the
irradiation.

It is also interesting to understand what is so special
about the yielding glass reached upon irradiation. To this aim,
we compute for each measured FDSC trace, and therefore
for each couple of cooling-rate/irradiation-time, the fictive

temperature, T¢(r,t), of the corresponding glass. This is a
single parameter that captures important properties of the
glass and that can be thought of as the temperature of the
supercooled liquid which, instantaneously quenched, is iso-
structural to the glass [38]. In particular, we compute T’ fol-
lowing the method proposed in [39, 40], see SI for more
details. In figure 4(b) the T¢ values, normalized to the glass-
transition temperature, T, are reported as a function of the
irradiation time. It is interesting to observe that all glasses at
yielding converge to a fictive temperature close to 1.27.

In other words, the yielding state reached upon irradiation
by all GeSes glasses at room-temperature has the same struc-
ture of the supercooled liquid at 1.27, suggesting significant,
though not extreme, rejuvenation. A similar level of rejuvena-
tion has been reported for ion-irradiated metallic glasses [41],
which may be related to the phenomenology discussed here.
While even more extreme rejuvenation of glasses has been
achieved, e.g. by constrained loading in compression [42] or
laser surface melting [43], the unique state that we reach here
is consistent with the idea that the yielding glass follows a pro-
cess of photoinduced fluidization.

Remarkably, the fictive temperature of the yielding glass
is a very special temperature in glass-forming liquids: it is
known as the mode-coupling temperature, 7., and a dynamic
cross-over takes place there [44]. It marks the temperature
where the atomic dynamics changes from being diffusive at
high temperature to being dominated by activated processes
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Figure 4. Nature of the yielding glass. (a) Enthalpy variations for glasses of different stability normalized to the maximum enthalpy
variation as a function of the irradiation time. All curves collapse on a master curve. (b) Fictive temperature for the different studied glasses
normalized to the glass-transition temperature, Ty = 497K, as a function of the irradiation time. All glasses converge to the same fictive

temperature of ~1.2 Ty (dashed horizontal line).

at lower temperature: below T the system can be thought
of hopping between different minima of its potential energy
landscape [45—47]. A similar connection between the effective
temperature of the yielding glass and 7. was recently made for
a model glass studied in numerical simulations under shear
[37]. The idea that a slowly driven solid, as in our case, is
exploring phase space as a high temperature equilibrium liquid
has also been discussed theoretically [48, 49]. Our results are
experimental evidence of a link between the yielding state of
a slowly driven glass and T: they strongly support the fun-
damental connection between driven glasses and supercooled
liquids, which is a topic at the focus of current discussion [50].

As mentioned above, it should be stressed that the yield-
ing state reached upon x-ray irradiation at room temperature
is unique for GeSe; glasses.

However, the x-ray induced yielding transition will likely
depend on the temperature of the glass. From this point
of view, the x-ray-induced yielding transition explored here
might bear similarities with the stress-induced glass-transition
studied in computer simulations of metallic glasses [51].
In particular, for glasses irradiated at higher temperatures,
thermal relaxation effects will set in and compete with purely
photo-induced effects. At temperatures well below T, the x-
ray-induced yielding transition might be instead independent
of the temperature of the glass. For the present case of GeSes
glasses, we are likely in this athermal limit (or close to it) given
that room temperature is ~0.5T ;. However, the x-ray induced
yielding transition discussed here remains to be characterized
in this respect.

Our results have also another implication that can be
important for the development of novel glassy materials. The
stationarity of the yielding glass here reported suggests that a
glass in this state is stable upon further perturbation by irra-
diation, as here analyzed, or by mechanical deformation, as
implied by the previous discussion of numerical simulation
results [37].

Glasses at the yielding point should then be seriously con-
sidered for critical applications in presence of high levels of
mechanical stress or in radiation-hostile environments.

3. Methods

3.1. Samples

The GeSes glass was prepared starting from the pure elements
(3N purity). The powders (total mass ~5 g), mixed at the stoi-
chiometric ratio, were inserted in a silica ampule previously
cleaned with a mixture of sulfuric acid and hydrogen per-
oxide. The ampule was sealed in vacuum and heated up to
1273K in a furnace. After 30h, the sample was quenched
in water at room temperature. Then, after an annealing of
6h at T=493K, it was cooled down to room temperature
at 30Kh~!. Small pieces of the order of a few hundreds of
ng were taken from the resulting rod and mounted on the
membrane chip of a commercial calorimeter Flash DSC 2+
from Mettler Toledo. The sample was melted on the chip
to ensure a good thermal contact and then cooled down to
room temperature at the desired cooling rate. Melting the glass
clearly erases its previous thermal history. The lateral exten-
sion of the sample size on the chip was ~35 um, and its thick-
ness, estimated from x-ray transmission measurements, was
~30 pm.

The protocol used to melt the sample on the chip, as well
as all other temperature protocols used here, have been optim-
ized to ensure that the sample composition remains stable. For
example, the sample was melted on the chip heating it up to
773K, a temperature well above the glass transition, and keep-
ing it there for ~1ms. This is a long enough time to melt
the sample but is short enough to ensure that no Se is lost
by evaporation, as demonstrated by (i) the compatibility of
the measured T, with the one reported in the literature [23],
and (ii) the fact that repeated cycles do not change neither 7',
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nor the overall enthalpy of the sample, both of which would
change in case of losses of Se.

3.2. Combined x-ray diffuse scattering and XPCS
measurements

The details of the experimental setup employed here are dis-
cussed in [33]. In a nutshell, we integrated a commercial
calorimeter Flash DSC 2+ from Mettler Toledo in the coher-
ence beamline P10 at Petra III (DESY, Hamburg) [52]. This
allows us to combine x-ray diffuse scattering and XPCS to
study the interatomic-scale structure and dynamics, respect-
ively, of a glass prepared at different quenching rates from
the melt thanks to the fast response of the calorimeter. Here,
the x-ray photon energy was set to 8.1keV (A = 1.53A),
and the beam was focused to a spot of 3.3 x 2.0 um FWHM
(H x V). The x-ray beam intensity was 7 x 10'°phs~! cor-
responding, for our samples, to a dose-rate of ~9 MGy s~!.
The details of the dose calculation can be found in
the SI.

The sample (and the chip of the calorimeter) was kept
in vacuum at room temperature. The x-rays scattered from
the sample were collected in transmission geometry by an
EigerX4M 2D detector (2167 [H] x 2070 [V] square pixels
75 pm in size) positioned at 1.8 m from the sample at a scat-
tering angle of 6 = 14°. This angle corresponds to the first
sharp diffraction peak of the scattered intensity of the glass
[23], and thus the scattered intensity is particularly sensitive
to the intermediate-range order around the Ge-sites [24]. Each
measurement consisted of a series of scattered intensity pat-
terns integrated from 10 ms to 25 ms each during periods ran-
ging from 80s to 250s, and thus corresponding to series of
the order of 10 000 frames per measurement. Each pattern was
integrated over iso-g ROIs in order to provide series of g- and
time-resolved intensities, I(g,?). A single frame is sufficient
to provide a statistically-robust scattered-intensity pattern, as
shown in the main text.

The XPCS data result from the computation of the normal-
ized intensity correlation functions, see SI for more details.
The feasibility of XPCS measurements on the MEMS-sensor
employed in chip-based calorimeters has been demonstrated
recently for oxide and metallic glasses [33]. Here we use the
same approach for GeSe; glasses. We positioned the sample in
transmission geometry as the thickness of the glass melted on
the chip is close to the absorption length of GeSes (31 um) at
the x-ray energy used here, and the signal from the MEMS’
membrane is negligible at the scattering angle investigated
here. The XPCS measurements have been acquired with a
focal spot size small enough to provide sufficient contrast in
the intensity correlation function, the contrast being inversely
proportional to the beam size [25]. After each measurement,
and thus after each irradiation up to the yielding point of
the glass, the sample was melted as discussed above to erase
the memory of the previous irradiation; the sample was then
cooled down again to room temperature at the chosen rate
for a new acquisition, and the entire procedure was repeated
several times to reach the desired statistics for the XPCS
data.

3.3. Combined x-ray diffuse scattering and FDSC
measurements

In order to study the structural and the thermodynamic
responses of our glasses for different cooling rates and
irradiation times until yielding, we combined x-ray diffuse
scattering and FDSC. The setup was identical to the one
described above, but the x-ray beam was focused to a spot
of 98 um x 93 um FWHM (H x V). In fact, a beam size lar-
ger than the lateral extension of the sample size is necessary
to guarantee a uniform and complete irradiation of the glass
and to study the photo-induced thermodynamic variation. The
x-ray beam intensity was 9 x 10'' phs~! corresponding, for
our samples, to a dose-rate of ~0.4 MGy s~!. The x-ray dif-
fuse scattering patterns were collected as described above. The
shape of the diffuse scattering peak does not change on chan-
ging the beam spot size in the range considered here. The
scattered intensity in the two setups has been carefully calib-
rated in order to match on a single dose-rate scale the dynam-
ical, structural and thermodynamic response, see SI for more
details.

The FDSC traces have been acquired for glasses prepared
at different cooling rates and exposed to the x-ray beam for
different irradiation times. The chip has two identical cells
as the calorimetric measurements are based on a differential
approach. The FDSC traces report the heat release rate as a
function of temperature. For each measurement we irradiated
both the reference side and the sample for the same amount of
time, leveraging the differential method to correct for any pos-
sible x-ray induced effects on the chip membrane. After each
irradiation, the glass was probed at a heating rate of 2000 K s~
up to 773 K, cooled down at the same rate, and cycled one more
time with the same procedure in order to obtain a baseline
for subtraction from the first cycle, see SI for more details.
The temperature reported in the FDSC traces has been calib-
rated using as a reference the crystallization temperature of a
piece of benzoic acid placed on top of the glass sample. For
what concerns the analysis of the FDSC traces, we focus here
on the enthalpy changes, i.e. on the integral of the difference
of the traces measured in the first and second heating cycle.
These values for the enthalpy changes have then been referred
to a fixed reference, chosen to be the glass prepared by cool-
ing from the melt at a rate of 10 K s~!. These enthalpy values,
denoted as H, have then been used to characterize the effects
of the preparation protocol (cooling rate) and irradiation time
on the GeSes glasses.
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