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X-ray induced dynamics in borate glasses with different network connectivity
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Hard x rays induce atomic dynamics in oxide glasses at doses low enough that the average structure is
unchanged. X-ray photon correlation spectroscopy is used here to study this effect in a series of alkali borate
glasses characterized by different network connectivity. The product of the x-ray dose rate per atom and the decay
time of the density correlation function is a sample-dependent parameter with the dimensions of an energy: It
varies between a fraction of eV and few tens of eV and is sensitive to the network connectivity of the glass. It can
then be used to access some bonding information also in cases where the x rays perturb the material, a regime of
great interest in modern x-ray-based experiments.
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I. INTRODUCTION

Since their first detection in 1895, x rays have been used for
many fundamental discoveries and remarkable applications,
playing a crucial role in solid state physics and medical diag-
nostics [1]. One of the main reasons for this success lies in the
fact that the x-ray wavelength is comparable to the interatomic
distance: a number of techniques originally developed using
visible light has then been adapted to the x-ray range in order
to achieve microscopic resolution. One such example is x-ray
photon correlation spectroscopy (XPCS) [2], the x-ray ver-
sion of the well-known dynamic light scattering [3]. XPCS is
used to probe the spontaneous atomic dynamics in condensed
matter at the atomic length scale [2,4–6], and for this reason
increasing attention has been directed to it.

Despite the fact that the x-ray–matter interaction is a well
established topic overall, the high brilliance provided by syn-
chrotron radiation and x-ray free electron lasers is giving
rise to complex and somewhat unexpected effects [7,8]. One
example is the focus here: XPCS experiments have shown
that an atomic motion is induced at temperatures well be-
low the glass transition when shining an x-ray beam on an
oxide glass [9–13]. The induced motion is present already at
relatively low doses, when the average structure remains un-
affected. This effect has a peculiar signature: its characteristic
timescale, i.e., the time required for a complete renewal of the
atomic configuration (the set of initial atomic positions), is in-
versely proportional to the x-ray dose rate. As a consequence,
an oxide glass—a system frozen in an out-of-equilibrium
configuration—changes completely its configuration in a mat-
ter of seconds when exposed to the x-ray dose rates typically
available at synchrotron radiation sources. The trigger of
this x-ray induced dynamics has been attributed to radiolysis
[9,14,15].
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This peculiar x-ray induced effect is here studied carrying
out a systematic XPCS investigation on the series of alkali
borate glasses (M2O)x(B2O3)1−x, where M = Li, Na, and K
and x is the metal oxide molar fraction. Pure boron oxide
(B2O3) glass is made of a network of trigonal BO3 groups
[16–19]. The addition of an alkali-metal oxide to B2O3 up
to about x = 0.3 causes a progressive increase of the num-
ber of four-coordinated boron units at the expense of the
three-coordinated ones; the further addition of alkali-metal
oxide up to about x = 0.5 causes the depolymerization of
the glassy network via the creation of terminal, nonbridg-
ing oxygens [16,17,20]. The series of alkali borate glasses
then offers an interesting playground to change independently
network connectivity and chemical composition which puts
it at the focus of both curiosity-driven research and tech-
nological applications [21]. Specifically, when varying the
network modifier group M2O at a fixed molar fraction x, these
glasses are characterized by the same network connectivity
[20] but by a different chemical composition; when chang-
ing instead the molar fraction for a given alkali modifier,
it is possible to investigate the role played by the network
connectivity on the glass properties. Exploiting this tunability,
we show here that the x-ray induced dynamics depends only
on the x-ray dose rate and on the connectivity of the glass
network: for a given dose rate, the induced dynamics is faster
the higher the network connectivity. One exception to this
trend is also encountered and a possible reason for this is
discussed.

II. EXPERIMENT

Glasses of composition (M2O)x(B2O3)1−x with M = Li,
Na, and K were prepared using reagent-grade alkali carbonate
and 99%-purity B2O3 powder purchased from Sigma-Aldrich.
These materials were all heated up to 423 K and kept there
for 16 h to reduce the water content. For what concerns the
alkali borate glasses, appropriate amounts of B2O3 and M2O
dehydrated powders were melted in an alumina crucible at
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TABLE I. List of some relevant parameters for the glasses studied here. The different alkali borate glasses of formula (M2O)x (B2O3)1−x

are labeled with MBO and x, where M = Li, Na, or K and x is the metal oxide molar fraction. The glass transition temperature Tg is from
Ref. [22]; the mass density, ρ, from Refs. [23,24]; L is the thickness of the samples used for the experiments discussed here, calculated from the
measured x-ray transmission of the sample T = exp[−μL], with μ the attenuation coefficient; β is the shape parameter of the autocorrelation
functions, a fitted parameter; and 〈Ea(Qmax)〉 has been calculated using Eq. (3).

Sample label x Tg [22] ρ [23,24] L β 〈Ea(Qmax)〉
(K) (g/cm3) (μm) (eV)

LiBO 0 526 1.81 50±2 0.84 ± 0.03 0.73 ± 0.03
NaBO 0.14 660 2.10 66±1 0.93 ± 0.03 2.9±0.1
KBO 0.14 633 2.08 48±9 0.84 ± 0.04 2.8±0.1
LiBO 0.14 672 2.01 81±3 0.99 ± 0.06 2.7±0.1
LiBO 0.22 759 2.15 78±2 0.9±0.2 4.9±0.6
LiBO 0.30 767 2.24 113±3 0.91 ± 0.07 6.8±0.4
LiBO 0.50 663 2.18 54±3 0.75 ± 0.05 16±1

1300 K and kept there for 2 h, with M = Na and K at the
composition x = 0.14, and M = Li at the compositions x =
0.14, 0.22, 0.30, and 0.50. The melts were then directly poured
onto a mold preheated at 470 K, obtaining cylinders of 10 mm
in diameter and 3 cm in height. For what concerns the pure
B2O3 glass, the dehydrated powder was melted as well in an
alumina crucible and a clear bubble-free melt was obtained
after 24 h at 1230 K. The melt was then quickly cooled to
room temperature pressing it between two metallic plates to
produce a glass. All glasses were annealed for 6 h at about
20 K below their glass transition temperature. The glasses
were cut with diamond tools into disks of about ∼2 mm in
height and then polished to achieve a thickness of 50–100 μm.
Since these glasses are hygroscopic, the polishing was done
using ethanol, and subsequently they were kept under vacuum
as much as possible and gently polished one more time just
before the measurements in order to eliminate the surface
exposed to atmospheric humidity. The final thickness was
chosen as a compromise between optimizing the scattered
intensity and keeping a reasonably good contrast [2]. The
thickness of the studied samples is reported in Table I together
with other useful parameters.

The XPCS experiment was performed at the beamline P10
of the PETRA III storage ring in Hamburg, Germany [25].
The x-ray beam of energy Eph = 8.4 keV was monochroma-
tized using a Si(111) channel cut, and its spatially coherent
part was focused onto a 3 × 3 μm2 spot (FWHM) at the
sample stage. The alkali borate glass samples were mounted
in a vacuum chamber with kapton windows. The x-ray in-
tensity, I (Q, t ), scattered in the horizontal plane at a given
scattering angle θ and time t was measured in transmission
geometry using a Princeton charge-coupled device (1340 ×
1300 pixels, 20 × 20 μm2 pixel size) placed ∼40 cm down-
stream from the sample. Here Q = (4π/λ)sin(θ/2) is the
scattering vector and λ is the x-ray beam wavelength [2].
The detector was in air, and a fly path in vacuum with kap-
ton windows was installed between the sample chamber and
the detector. The XPCS measurements were performed at
room temperature and at the scattering vector, Qmax, corre-
sponding, for each sample, to the maximum of the structure
factor. For each sample, several measurements were car-
ried out with different incident beam fluxes, F , selected by
means of absorbers. The reproducibility of the results was

checked by repeating the measurements at different sample
positions.

For each measurement, the dose rate per atom was
calculated as d = Eph〈F 〉abs/Ntot . Here, 〈F 〉abs = 〈F 〉[1 −
exp(−μL)] is the absorbed x-ray flux, with μ the absorp-
tion coefficient of the material and L the sample thickness;
〈F 〉 = F�te/�tl is the average x-ray flux, where �te is the
exposure time, �tl = �te + �tr is the time in between two
images, and �tr = 2.2 s the detector readout time; and Ntot

is the number of atoms in the scattering volume, assuming
an elliptical cross section for the beam with major and minor
semiaxes equal, along the horizontal and vertical directions,
to the corresponding FWHM/

√
2ln(2) values.

Information on the microscopic dynamics of the samples
was obtained by calculating the normalized correlation func-
tion of the scattered intensity by the multispeckle method
[26,27] to obtain a set of temporal correlation functions:

g2(Q, t ) = 〈I (Q, 0)I (Q, t )〉/〈I (Q, t )〉2, (1)

where the average 〈· · · 〉 is performed on both the detector pix-
els and the time series. The g2(Q, t ) functions were modeled
by the Kohlrausch-Williams-Watts (KWW) stretched expo-
nential ansatz [28]:

g2(Q, t ) = 1 + C(Q) exp{−2[t/τ (Q)]β(Q)}, (2)

where C(Q) is the contrast, β(Q) defines the shape of the
correlation function, and τ (Q) is the characteristic decay time
of the Q component of the density fluctuations [2,3].

The effects of sample damage under x-ray illumination
were carefully checked monitoring the Q dependence of the
scattered intensity, I (Q). Up to a total absorbed dose of about
1.1 GGy negligible changes in the average structure were ob-
served. This is shown, for example, in Fig. 1, where the I (Q)
data measured for (Li2O)0.5(B2O3)0.5 are reported for differ-
ent accumulated doses during the acquisition of an XPCS
scan. As can be seen, up to a total dose of 1.1 GGy of the
scattered intensity is stable within 2% accuracy, though a more
careful analysis reveals that it decreases continuously with
increasing the dose. All the time series used to compute the
autocorrelation functions g2(Q, t ) reported here correspond to
a total absorbed dose below 1.1 GGy.

The shortest utilized acquisition time was �te = 0.2 s, the
limit given by the counting statistics. While the datasets cor-
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FIG. 1. Total scattered intensity profile measured in
(Li2O)0.5(B2O3)0.5 for different doses, as specified in the legend.
The data are normalized by the incoming beam intensity after
background subtraction.

responding to lower dose rates show a slow enough dynamics
(on the timescale of �te) that allows fitting Eq. (2) leaving all
three parameters free [C(Q), τ (Q), β(Q)], this is not possible
for curves collected for high enough dose rates where the
decay time is fast and the curves are not complete. It can,
however, be reasonably assumed that the parameter C(Q) is
independent of the used absorber and is thus a constant for
each sample. In the cases where it was possible to extract
C(Q) from correlation functions measured for different in-
cident beam fluxes or, rather, different dose rates per atom,
this was indeed the case, as shown in the example of Fig. 2.
The fits of Eq. (2) to the experimental curves corresponding
to different x-ray dose rates were then carried out using a
single contrast value. Specifically, for each sample, the XPCS
curve(s) with a characteristic time sufficiently long to allow
describing them with Eq. (2) leaving all parameters free were
fitted first; the obtained value of the contrast was then fixed
when modeling the XPCS curves for the same sample cor-
responding to different (higher) x-ray dose rates. It is worth
underscoring that the obtained values of C(Q) are always
small, of the order of a few percent, which is typical for XPCS

FIG. 2. The contrast C(Qmax) obtained for a (Li2O)0.14 (B2O3)0.86

glass (squares) as a function of the x-ray dose rate, together with its
average value (dashed line).

FIG. 3. Normalized intensity correlation functions (symbols)
measured at room temperature (300 K) and at the position, Qmax, of
the structure factor maximum in (a1): (M2O)0.14(B2O3)0.86, where
M = Li (black squares, LiBO), Na (light-blue diamond, NaBO),
and K (green triangles, KBO); and (b1): (Li2O)x (B2O3)1−x , with
x = 0 (pure B2O3, blue stars), x = 0.30 (dark-violet triangles), and
x = 0.50 (magenta hexagons). The data in (a1) have been collected
with an incident beam flux F = 1.7 × 1010 ph/s and an exposure
time per image �te = 0.4 s. The data in (b1) have been collected
with F = 3.2 × 1010 ph/s and �te = 0.8 s for pure B2O3 while with
F = 3.9 × 1010 ph/s and �te = 0.6 s for the other two glasses. (a2)
and (b2) Same data as in (a1) and (b1), respectively, with the time
axis multiplied by the dose rate per atom. The measured functions
are reported together with the best fitting stretched exponentials
[Eq. (2)].

experiments in wide angle configuration and due to the limited
longitudinal coherence of the beam [2].

III. RESULTS AND DISCUSSION

Figure 3(a1) shows a series of g2(Qmax, t ) functions mea-
sured in vitreous (M2O)x(B2O3)1−x with M = Li, Na, and K
and x = 0.14, all collected with a comparable average x-ray
beam flux, 〈F 〉. Given that the thicknesses of the different
samples are similar (see Table I), Fig. 3(a1) suggests that the
characteristic time, τ (Qmax), depends on the absorbed x-ray
flux, 〈F 〉abs, rather than on the incident x-ray flux, 〈F 〉, in
agreement with previous observations [10,11]. τ (Qmax) seems
in fact controlled by x-ray absorption and thus by the atomic
number of the alkali modifier: the heavier the alkaline atom,
the faster the relaxation time. The shape parameters, β(Q),
extracted from the KWW fits for a given glass do not show any
significant dependence on the dose rate [see Fig. 4(a)]. This
result confirms previous studies of the x-ray beam induced
dynamics in oxide glasses [9–12]. The corresponding values
averaged over the curves measured with different x-ray dose
rates are reported in Fig. 4(b) as a function of the molar frac-
tion x for all samples studied here. In all cases, the obtained
values of β(Q) correspond to a stretched exponential decay
(β � 1). A similar stretched exponential behavior has been
reported in Ref. [29] for a sodium silicate glass, in Ref. [10]
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FIG. 4. (a) The shape parameter β(Qmax) for a
(Li2O)0.14(B2O3)0.86 glass (squares) as a function of the dose
rate, together with the average value (dashed line). (b) β(Qmax),
averaged over the measurements carried out at different x-ray dose
rates, as a function of the alkali molar fraction, x. Different symbols
refer to different glasses as reported in the legend.

for a boron oxide glass, in Ref. [12] for a lithium borate glass,
and in Ref. [11] for a series of Rb and Cs borate glasses;
a compressed exponential decay (β > 1) has instead been
observed in Ref. [9] in the case of silicon and germanium
oxide glasses. The reasons behind these qualitative differences
between different glasses are not yet clear.

It is also worth observing that the values for β reported in
Fig. 4(b) are somewhat higher than those reported in Ref. [11]
for a series of Cs and Rb borate glasses, and that the decreas-
ing trend of β with x in the 0 � x � 0.3 range reported there is
not observed in the present data. This might of course be due
to intrinsic differences between Li, Cs, and Rb borate glasses.

The decay time, τ (Q), of the autocorrelation functions
g2(Q, t ) measured in oxide glasses seems controlled by the
x-ray dose rate via a material-dependent coefficient [10,12].
This coefficient can be expressed in terms of the average
energy, 〈Ea(Q)〉, absorbed per atom in the decay time τ :

〈Ea(Q)〉 = e

e − 1

Eph〈F 〉abs〈τ (Q)〉
Ntot

. (3)

Here, 〈τ (Q)〉 = τ (Q)	[1/β(Q)]/β(Q) is the mean relaxation
time [28]. The mean relaxation time is here used in place
of the relaxation time [10] in order to get a value robust
against uncertainties in the shape of the correlation function
obtained from the fits. The obtained values of 〈Ea(Qmax)〉 are
also reported in Table I, together with the parameters used to
obtain 〈Ea(Qmax)〉 from τ (Qmax). As per Eq. (3), 〈Ea(Qmax)〉
is the average energy absorbed per atom and required to move
it by 1/Qmax or more. It is therefore a measure of the radia-
tion hardness of the glass and a phenomenological parameter
material dependent but independent of the x-ray dose rate.

It is now possible to show that the coefficient 〈Ea(Qmax)〉
depends on the glass via its structure. To demonstrate this, in
Fig. 3(a2) the correlation functions of Fig. 3(a1) are reported
as a function of the time multiplied by the dose rate per atom.
This amounts to getting rid of the dependence of the decay
time on the x-ray dose rate, as suggested by Eq. (3). The
almost perfect overlap of the three curves in Fig. 3(a2) clearly
demonstrates that, in the case of glasses with the same struc-
ture, 〈Ea(Qmax)〉 is the same: the chemical composition does
not matter. Moreover, in Fig. 3(b1) the normalized intensity
autocorrelation functions measured with a comparable dose

FIG. 5. Average energy absorbed per atom, 〈Ea(Qmax)〉, that in-
duces an atomic displacement over at least an interatomic distance as
a function of dose rate. Different symbols refer to different samples
as reported in the legend. The mean values of 〈Ea(Qmax)〉 for each
sample are indicated as horizontal lines.

rate are reported for lithium borate glasses with different metal
oxide molar fractions and, thus, different structures. In this
case, as shown in Fig. 3(b2), rescaling the time axis by the
inverse dose rate per atom does not lead to an overlap of the
curves. This confirms that the coefficient, 〈Ea(Qmax)〉, ruling
the proportionality of the decay time on the inverse of the dose
rate, depends on the structure.

More quantitative information can be gained fitting Eq. (2)
to the experimental curves measured for the different samples
and different dose rates. The most important parameter that
can be extracted from the fits is 〈Ea(Qmax)〉. The values of
〈Ea(Qmax)〉 derived from Eq. (3) and the fitting parameters
(see Table I) are reported in Fig. 5 as a function of the dose
rate.

〈Ea(Qmax)〉, for any given glass, is found to be (i) indepen-
dent of the dose rate, consistently with Eq. (3); (ii) dependent
only on the glass structure, consistently with what is shown in
Fig. 3. Glasses with different structures show clearly different
values of 〈Ea(Qmax)〉. More precisely, 〈Ea(Qmax)〉 depends
monotonically on the metal oxide molar ratio: as x increases
the average energy 〈Ea(Qmax)〉 quickly increases, as shown
in Fig. 6. This rules out the ideas that (i) the glass transition
temperature, Tg, fixes the timescale of the x-ray induced dy-
namics, as proposed in Ref. [11]. Tg is in fact a nonmonotonic
function of x in the here explored x range [30]. (ii) The
induced dynamics is faster (〈Ea(Qmax)〉 smaller) for larger x
as a consequence of the dynamics of the alkalis being faster,
as inferred in a recent study of Cs and Rb borate glasses [11].
The argument of an increasing scattering weight for the alkali
ions on increasing x clearly does not hold for the Li borate
glasses studied here.

It is also interesting to observe that 〈Ea(Qmax)〉 ranges
between a fraction of eV and few tens of eV, and is a measure
of the radiation hardness of the glass. It seems then interesting
to explore the relation between this parameter and the connec-
tivity of the glass network.

A way to approach the problem of network connectivity in
alkali borate glasses is within the so-called topological con-
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FIG. 6. Average energy absorbed per atom, 〈Ea(Qmax)〉, that in-
duces an atomic displacement over at least an interatomic distance as
a function of the alkali-metal oxide molar ratio, x. Different symbols
refer to samples with different alkalis as reported in the legend.

straint model. This model is based on the idea that the glass
can be treated as a network of mechanical constraints [31,32].
The important ingredient here is the average number, nc, of
constraints per atom: the network can be floppy, isostatic, or
stressed rigid depending on whether nc is smaller, equal to, or
larger than 3 (the network dimensionality). For what concerns
alkali borate glasses, calculating nc is not a trivial task due
to the complex structural changes taking place on addition
of alkali oxide. However, values of nc as a function of the
alkali-metal oxide molar ratio have been reported that allow
describing trends in important properties such as Tg [30,33],
the fragility [33], and the microhardness [34]. The values for
〈Ea(Qmax)〉 are reported as a function of nc in Fig. 7 and
show a monotonic dependence up to x = 0.3 (nc = 3.23). This
seems reasonable, since an increase of nc corresponds to an
increase in the energy density in the stressed-rigid network,
as nc counts the average number of constraints per atom.
Interestingly, the borate glass with x = 0.5 stands at odds

FIG. 7. Average energy absorbed per atom, 〈Ea(Qmax)〉, that in-
duces an atomic displacement over at least an interatomic distance as
a function of the average number of constraints per atom. Each point
corresponds to a different sample.

FIG. 8. Average energy absorbed per atom, 〈Ea(Qmax)〉, that in-
duces an atomic displacement over at least an interatomic distance
as a function of the alkali-metal oxide molar ratio, x. Black squares:
data from the present work; blue circles: data from Ref. [11]. Each
point corresponds to a different sample.

with this simple correlation. This might be due to the fact
that this correlation just does not hold for more complex
glasses as (Li2O)0.5(B2O3)0.5, where nc might not be sufficient
to capture the glass connectivity. For the case of Li borate
glasses with values of x > 0.3, this is possibly due to the
contribution to the network connectivity of clusters of Li ions
[35], an effect that is not straightforward to map in terms of
constraints.

Finally, we want to compare our results with those reported
recently for a series of Rb and Cs borate glasses [11]. That
experiment has been carried out using an incident energy of
13 keV at the beamline P10 of Petra III. The results of that
experiment have been reported in terms of the characteristic
decay time, τ (Qmax), for a given x-ray dose rate (1 eV per
atom and per second) [11]. It is then possible to calculate the
corresponding 〈Ea(Qmax)〉 values using those data. The values
calculated using the data of Ref. [11] are reported in Fig. 8
(right y axis) together with those obtained here (left y axis).
The two sets of data clearly do not overlap, in contradiction
with Eq. (3). However, interestingly, they seem just related by
a multiplicative factor.

The analysis proposed here in terms of 〈Ea(Qmax)〉 is del-
icate when one compares different experiments since it relies
on the absolute measurement of the incident x-ray flux. The
x-ray flux reported in Ref. [11] is 1 × 1011 photons/s with
100 mA of current in the storage ring. We suspect that this
number might be overestimated. Recent measurements carried
out at the same beamline and same energy (13 keV) show
that the incident x-ray flux at that energy is rather close to
1.6 × 1010 photons/s. The data reported in Ref. [11] match,
however, the ones that are here reported only when reduced by
a factor of �14 (the ratio of the maximum of the right to the
left y scale; see Fig. 7), i.e., a factor that cannot be explained
by our measurement of the beam flux at 13 keV. This might
be a hint that the parameter 〈Ea(Qmax)〉 depends on the energy
of the x-ray beam, a result that seems not obvious to explain
at first sight. The energy dependence of 〈Ea(Qmax)〉 will have
to be studied, however, in more detail before drawing definite
conclusions.
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IV. CONCLUSIONS

In conclusion, the recently discovered x-ray induced
dynamics [9] has been characterized in some detail carrying
out a systematic XPCS study on a series of alkali borate
glasses. This effect is here described in terms of the average
energy absorbed per atom, 〈Ea(Qmax)〉, that induces an atomic
displacement over at least an interatomic distance. 〈Ea(Qmax)〉
is here shown to depend only on the glass structure and to
be independent of the alkali species. More specifically,
〈Ea(Qmax)〉 is sensitive to the connectivity of the glass
network.

This work offers then a scheme to rationalize the effects
of the interaction of x rays with alkali borate glasses in the
complex case where x rays cannot be considered any longer

a small perturbation of matter (though they are still not per-
manently modifying its structure). This regime is becoming
of greater and greater interest in modern x-ray-based exper-
iments due to the continuous increase in brilliance of x-ray
sources [36,37].
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