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Abstract
High-energy photon diffraction minimizes many of the corrections associated with laboratory
x-ray diffractometers, and enables structure factor measurements to be made over a wide range
of momentum transfers. The method edges us closer toward an ideal experiment, in which
coordination numbers can be extracted without knowledge of the sample density. Three case
studies are presented that demonstrate new hard x-ray methods for studying the structure of
glassy and amorphous materials. First, the methodology and analysis of high-energy grazing
incidence on thin films is discussed for the case of amorphous In2O3. The connectivity of
irregular InO6 polyhedra are shown to exist in face-, edge- and corner-shared configurations in
the approximate ratio of 1:2:3. Secondly, the technique of high-energy small and wide angle
scattering has been carried out on laser heated and aerodynamically levitated samples of
silica-rich barium silicate (20BaO:80SiO2), from the single phase melt at 1500 oC to the phase
separated glass at room temperature. Based on Ba–O coordination numbers of 6 to 7, it is
argued that the although the potential of Ba is ionic, it is weak enough to cause the
liquid–liquid immiscibility to become metastable. Lastly, high-energy small and wide angle
scattering has also been applied to high water content (up to 12 wt.%) samples of hydrous
SiO2 glass quenched from 1500 oC at 4 GPa. An increase of Si1–O2 correlations at 4.3 Å is
found to be consistent with an increase in the population of three-membered SiO4 rings at the
expense of larger rings.

Keywords: x-ray diffraction, pair distribution function, liquids and glasses, coordination
numbers

(Some figures may appear in colour only in the online journal)

1. Introduction

The idea that multicomponent oxide glass structures are not
homogenous, but in fact are made up of a modified random

∗ Author to whom any correspondence should be addressed

network in which cations form percolation channels running
throughout a glassy network can be attributed to the pioneer-
ingwork of Prof. Neville Greaves (Greaves et al 1981,Greaves
1985, Greaves and Sen 2007). This breakthrough underscored
the need to probe amorphous and glassy structures at both
the atomic and nanometer length-scales, to understand the
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relationship between local and intermediate range ordering.
The pair distribution function (PDF) technique is well suited
to these investigations, and with the advent of high flux,
high-energy photons over the past two decades, this has led
to the widespread use of the x-ray PDF technique for the
study of disordered materials. Nowadays, chemists often use
x-ray PDF to follow time-resolved reactions, with changing
compositions and multiple crystalline forms, to obtain useful
qualitative information on the local disorder and evolv-
ing nanometer topologies. However, physicists studying liq-
uid, glassy and amorphous materials still need to invoke a
rigorous consideration of the data analysis corrections and nor-
malization procedures, required to obtain quantitative infor-
mation such as coordination numbers, and provide an accurate
comparison to molecular dynamics simulations.

Here we address some of the issues associated with x-ray
PDF in the context of thin film amorphous and bulk glassy
oxides using new hard x-ray synchrotron methods. In particu-
lar, the relationship between the PDF, density and coordination
number are considered. These are described in detail in the
next section, and the rest of the paper organized in the fol-
lowing way: three examples are presented, ranging from the
grazing incidence PDFmeasurements of amorphous thinfilms,
to SAXS/WAXS measurements of bulk oxide glasses synthe-
sized from liquids at high temperatures and high pressures. The
latter examples build on existing synchrotron SAXS/WAXS
techniques for studying the local structures and nanoscale
inhomogeneities in glass (Bras et al 2003). Finally, a brief out-
look is presented with a view to enabling the exploration of
both equilibrium and metastable phase diagrams.

1.1. Normalization and coordination numbers

The extraction of coordination numbers from the first few
peaks in the real space PDF are typically performedby integra-
tion between minima either side of a peak, or by a full Gaus-
sian peak fit (Waseda 1980). This can be achieved for x-rays
provided the Q-dependence of the weighting factors and trun-
cation effects are taken into account (Keen 2001, Pickup et al
2014). However, in practice the normalization of laboratory
based x-ray diffraction data can be problematic due to uncer-
tainties in sample, and source dependent corrections (Levy
et al 1966). To overcome this the Krogh-Moe-Norman nor-
malization method is often employed,which uses the sum-rule
relation in the unphysical region, below thefirst true peak in the
PDF, based on knowledge of the density of the sample (Krogh-
Moe 1956, Norman 1957). Care should be taken here however,
because as Wright (Wright 1994) has pointed out, this region
of the PDF also contains information on systematic errors in
the experiment and obscuring it hides the true quality of the
measured data. The situation improves with the use of high-
energy photons at synchrotrons, which minimize the attenua-
tion and multiple scattering corrections and enable access to
high momentum transfers. However, synchrotron data is still
subject to small inaccuracies, primarily due to detector related
corrections (Skinner et al 2012). Consequently, quantitative x-
ray analysis software (Qiu et al 2004a, Soper and Barney 2011)
and modeling methods (McGreevy and Pusztai 1988, Soper

2005) require an accurate knowledge of both the composition
and the density to obtain meaningful local coordination num-
bers from PDF data. For this reason the local structure is often
interpreted by analogy to crystalline phases or on the basis of
ionic radii (Dippel et al 2019, Jensen et al 2015).

Although the material density is needed for calculating
attenuation and multiple scattering factors, for x-rays these
effects diminish drastically at high energies,E> 60 keV (Ben-
more 2012a). Consequently, provided the sample composition
is known and can be verified by comparing the sample intensity
to x-ray self-scattering, i.e., the composition weighted form
factors plus Compton scattering, the local coordination num-
bers can be extracted by fitting Gaussian atom–atom correla-
tions to the highQ-part of the total x-ray structure factor using
the Debye scattering formula (Warren 1990, Narten 1972).

S (Q) =
n∑

i, j=1

Ni jci f i(Q) f j(Q)[∑n
i=1 ci f i (Q)

]2 sinc
(
Qri j

)
exp(−Q2σ2

i j/2),

(1)
where Ni j, ri j and σi j represent the coordination number,
atomic separation and disorder parameter of atoms of species
i relative to species j. ci and f i (Q) represent the concentra-
tion and Q-dependent x-ray atomic form factor of species i.
This is because the Sine Fourier transform from S (Q)− 1
to the differential distribution function D(r), using the Han-
non–Howells–Soper formalism (Keen 2001), does not require
knowledge of the atomic number density, ρ, and this is the
focus of the peak fit procedure in equation (1). In contrast, the
integral of rT (r) = rD (r)+ 4πρr2 which is the more conven-
tional method of extracting the coordination number directly
from the PDF in glasses, does contain a density dependence.
This underscores to an important point. Namely, if high-energy
x-ray data can be accurately normalized to the number of elec-
trons in the sample at high-Q values, coordination numbers
can be extracted without knowledge of the density. In this
‘perfect case’ the exact sample composition and normaliza-
tion of the scattered x-ray intensity is required. For amorphous
and glassy materials the latter requires a careful application
of standard corrections (Qiu et al 2004a, Soper and Barney
2011). To illustrate this point, in figure 1we show themeasured
x-ray structure factor for glassy SiO2, compared to manufac-
tured x-ray diffraction patterns that have been Fourier filtered
to correspond to different local coordinationnumbers.Here the
Fourier filtered PDF’s are kept the same as the measured func-
tion for distances longer than the first (Si–O) peak, denoted by
rcut, but the Si–O peak (below rcut) is replaced by equation (1)
with NSi–O set to values of 3, 4 and 5. The corresponding
Fourier filtered x-ray structure factors show the level of sen-
sitivity required across the entire Q-range, compared to the
measured S(Q).

There are of course caveats to fitting Gaussians in Q-space.
For liquid and glassy materials the coordination numbers of
heavier cations are significantly smaller and their bond length
distributions more asymmetric than their crystalline counter-
parts, which may require multiple Gaussian fitting to describe
specific cation–oxygen interactions (Skinner et al 2014). Ulti-
mately the efficacy of these methods depends on how accu-
rately the sample SX(Q) can be extracted and the partial pair
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Figure 1. (a) The measured x-ray total structure factor for SiO2
glass (black circles) compared to Fourier filtered structure factors
with local coordination numbers of 3 (red dotted line), 4 (blue
dash-dot lined) and 5 (green dashed line). (b) The corresponding
x-ray differential pair distribution functions.

weighting factors for a particular sample, but it nonetheless
underlines the need for a careful application of the corrections.
Here we apply these methods to three different high-energy
x-ray measurements on liquid, glassy and amorphous mate-
rials. Namely, grazing incidence experiments on thin films
and small and wide angle scattering (SAXS/WAXS) measure-
ments on high temperature liquids and glasses quenched at
high pressures.

2. Grazing incidence-pair distribution function
(GI–PDF) measurements

The advent of high-energy, wide angle x-ray scattering, for
GI-PDF measurements (Dippel et al 2019), represents a new
and powerful technique for investigating the structure of dis-
ordered, nanometer-sized thin films, which are not feasible
in transmission geometry. The GI-WAXS signal (2θ > 5◦) is
far from the critical angle and thereby satisfactorily described
by the Born approximation (Sinha et al 1988). It has been
estimated that grazing incidence geometries have reduced the

minimum detectable thin film thickness by one order of mag-
nitude compared to transmission geometry (Dippel et al 2019).
Indium oxide films can be grown on amorphous silica sub-
strates using pulsed laser deposition by varying the film growth
temperature. The electrical and optical properties of indium
oxide films are strongly influenced by both their oxygen con-
tent and their structural phase (Buchholz et al 2013, 2014).
Indeed, amorphous thin films are often preferable to crystalline
films but are of unknown or variable density, whose struc-
tures can vary depending on the deposition conditions (Dippel
et al 2019, Jensen et al 2015, González et al 2017). The metal
cations can also form a distribution of coordination polyhe-
dral, with connectivities that are not present in the crystalline
forms. In a bixbyite type crystal structure such as In2O3, InOX

polyhedra typically corner share through bridging oxygens or
at their edges where two oxygens are shared between adjacent
polyhedra.

2.1. Grazing incidence experiment

Scattering from amorphous In2O3 (<1 µm thick) thin films
deposited on a SiO2 substrate were measured using beamline
1-ID at the Advanced Photon Source, using grazing incidence
geometry with 70 keV x-rays at an incident angle α of 0.04◦.
The diffraction patterns were collected with a 2D a-Si area
general electric detector with 2048 × 2048 pixels (pixel size
of 200 µm × 200 µm) at a distance of 325 mm away from
the sample. The sample horizon divides the scattered image,
with the upper part reaching the detector only attenuated by
air and the lower part attenuated by the length of the sample
substrate as described by (Dippel et al 2019). The in-plane data
were integrated to 10◦ above the horizon and corrected for flat
field, polarization, rotation and tilt using theGSAS-II software
(Toby and Von Dreele 2013). The program PDFgetX2 (Qiu
et al 2004b) was used to correct for background, oblique inci-
dence, absorption and detector efficiency effects as described
in (Skinner et al 2012). As can be seen in figure 2 the raw
signal from the SiO2 substrate is substantially larger than the
thin film scattering. We note that there are (at least) two parts
to the background in this type of experiment; namely the air
scatter and the substrate scatter. The air scatter is invariant,
and can be subtracted directly. The substrate scatter may be
subject to slightly different path lengths as illustrated in the
figure 2 insert, depending on the accuracy of the re-positioning
and thickness of the film or penetration depth. In this case a
small (∼1%) scaling of the scattering angle axis was required
to approximate the slight shift in the substrate scattering. This
factor was calculated from the slight change in the Si–O bond
length at ∼1.6 Å obtained through a Fourier transform to
D(r). The degraded Q-space resolution due to the large x-ray
path length through the sample in GI geometry compared to
conventional transmission geometry of SiO2 was also readily
apparent.

2.2. Grazing incidence results and discussion

The normalized electronic scattering intensity from the amor-
phous In2O3 thin film is shown in figure 3(a) compared to
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Figure 2. The x-ray intensity of the thin film (solid black line) and
SiO2 substrate (red dotted black line) as a function of scattering
angle. The insert illustrates how grazing incidence geometry is
susceptible to small offsets in the scattering angle for a beam of
height h incident at an angle α to the film.

published GI data (Utsuno et al 2006). The x-ray diffrac-
tion patterns are quantitatively very similar, but the high-Q
region for a-In2O3 in this high-energy experiment has much
better statistics. A steep rise toward the lowest Q-values indi-
cates that the local density of the sample is heterogeneous
on the scale of a few nanometers. The corresponding pseudo-
nuclear structure factor is shown in figure 3(b) together with
the contributions from the In–O and In–In fits, whose corre-
lations dominate the measured GI pattern. Here we use the
term ‘pseudo-nuclear’ previously coined by Egelstaff (Egel-
staff 1983) to acknowledge the fact that x-rays scatter from
electrons (not the nucleus) and a deconvolution of a spheri-
cal electron cloud is performed in the analysis to estimate the
nuclear center. The In–O and In–In coordination environments
were obtained using themethod described in the section above,
see also (Pickup et al 2014). The rij andσij were extracted from
D(r), and Nij is scaled to the correct magnitude compared to
the experimental S(Q). These parameters and the density were
refined by iterating parameters between Q and r-space. The
In-O coordination number was best fit with two Gaussians to
account for the long high-r asymmetric tail with NIn–O = 4.3
at 2.03 Å and NIn–O = 1.7 at 2.28 Å, yielding a total of
NIn–O = 6.0 ± 0.5. The In–O coordination number in this
study is in agreement with the value ofNIn–O ∼ 6 at an average
distance of 2.12 Å in amorphous In2O3 (Utsuno et al 2006).
However, the first average peak position inD(r) for amorphous
In2O3 is at 2.06 Å, which is shorter than the 2.18 Å found for
InO6 in the bixbyite structure, indicating distortion of the poly-
hedra, or a distribution of coordination numbers with some
indium bonded to less, and some to more, than six oxygens.
Moreover, the density of the film extracted from the unphysical
low-r region corresponds to 4.61 g cm−3 which is substantially
lower than bixbyite In2O3 (7.2 g cm−3). Errors on the In-O
coordination number and density are likely slightly larger than
the typical ±5% (Skinner et al 2014) due to the poor Q-space
resolution associated with GI geometry.

Figure 3. (a) The normalized electronic scattering intensity from
the amorphous In2O3 thin film compared to the published data for
amorphous In2O3 (Utsuno et al 2006). (b) The corresponding
pseudo-nuclear total x-ray structure factor (black circles) and the
contributions from the fitted In–O (red dashed line) and In–In
(green dotted line) coordination shells.

The corresponding differential distribution function for
amorphous In2O3 is shown in figure 4. The low density and
large local distortion of the six fold polyhedra strongly influ-
ences the connectivity of InO6 polyhedra. In crystalline In2O3

there are an equal number of corner and edge shared octa-
hedra giving rise to In–In distances of around 3.5 Å. For
our amorphous GI–PDF, at least three peaks are required
to fit the connectivity of adjacent InO6 polyhedra. We note
that the contribution from O–O correlations corresponding
to NOO = 5.5 at ∼2.70 Å was also fitted, but it’s con-
tribution was found to be negligible due to the small x-
ray pair weighting factor. The three In–In peaks shown in
figure 4 correspond to NInIn = 1.8 In atoms at 2.69 Å
(face-sharing from the longer In–O bonds of the irregular
InO6 octahedra), NInIn = 3.7 at 3.28 Å (edge-sharing) and
NInIn = 5.9 at 3.72 Å (corner-sharing). The fitting of the In-
In corner-sharing peak is subject to some uncertainty due to
overlap at high-r, but the approximate ratio of face:edge:corner
sharing of distorted InO6 polyhedra corresponds to 1:2:3 (com-
pared to 0:1:1 in bixbyite). Previous molecular dynamics sim-
ulations and Reverse Monte Carlo fits to a-In2O3 did not allow
any face-sharing polyhedra,but failed to fit themeasured inten-
sity in the GI–PDF around 2.7 Å. Although, we recognize that
texture is a common phenomenon in thin films and the amor-
phous structure itself may also varywith azimuthal angle along
a Debye–Scherrer ring. Finally, the face, edge and corner-
sharing In-In peak fits are found to yield average ∠In–O–In
angles of 82◦, 106◦ and 129◦. These compare to 100◦ (edge)
and 123◦ (corner) in bixbyite (Buchholz et al 2014).
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Figure 4. D(r) for amorphous In2O3 (solid black line) and the In–O
and In–In peak fits described in the text (sum shown as thin solid
line).

3. High temperature SAXS/WAXS

Several binary silicate systems phase separate into two liq-
uids in the silica-rich region of the phase diagram. Gener-
ally, a highly polymerized silicate network separates from a
cation-rich structure that satisfies the modifying atoms’ coor-
dination requirements. The widths of these immiscibility gaps
have been shown to change according to ionic potential and
the cation coordination number. Hudon and Baker (Hudon and
Baker 2002) reviewed 41 binary systems and characterized
them into groups. The majority can be placed in either of two
groups: (i) network modifying cations with a large ionic radius
and coordination number "5 e.g. Ba. These cations are sur-
rounded by both bridging and non-bridging oxygens which
can screen their positive charges. However, bridging oxygens
provide poor shielding compared to non-bridging oxygens,
because they have strong covalent bonds to the Si. This results
in substantial Coulombic repulsions between network modi-
fying cations that is the primary origin of phase separation.
(ii) Cations with small ionic radii that possess a significant
number of four-fold coordinated cations aswell as higher coor-
dinated cations. The four-fold cations are able to form covalent
bonds and can be incorporated into the polymerized silica-rich
network, whereas the larger coordinate species lead to phase
separation. This mixture of covalent and ionic bonding types
can lead to metastable immiscibility e.g. in the Al2O3–SiO2

system.
The BaO–SiO2 system has an upper consulate temperature

of 1460 ◦C (Zanotto et al 1986) and is of interest because
although it has a metastable immiscibility gap (Seward et al
1968), it has the least covalent character of the alkaline-earth
divalent cations. Indeed, based on the electronegativity scale,
BaO < SrO < CaO < MgO (Pacchioni and Illas 1995) and
in the BaO crystalline phase Ba has a coordination number
of 6 with an ionic character, increasing up to 9.5 in Ba2SiO4

(Rai andMountjoy 2014). There are only a few structural stud-
ies of xBaO(1-x)SiO2 using diffraction methods and these have
concentrated on the single-phase glass forming region with
x = 33.3 and 40 (Hasegawa and Yasui 1987, Cormier et al
1999). Molecular dynamics modeling over this composition

range predicts a polymerized silicate network incorporating 6
to seven-fold coordinated barium.

3.1. High temperature experiment

Details of the aerodynamic levitation and laser heating sys-
tem have been described in previous publications (Weber et al
2014, Benmore and Weber 2017). Here, 2–3 mm diameter
spheres of 20BaO–80SiO2 were prepared with masses rang-
ing from 24–28 mg. Levitation was achieved by flowing an
upward stream of high purity O2 gas through a divergent noz-
zle, and the samples heated from abovewith a 400WCO2 laser
(Firestar i401, Synrad Inc.). An optical pyrometer (IR-CAS
Chino) was used to measure the apparent surface temperature
of the heated samples and a spectral emissivity correction of
1.01 was applied. The pyrometer measurement, x-ray beam
and laser were all coincident within a ∼0.2 mm region at the
top of the sample. Due to the fast evaporation rate of silica at
high temperatures, short experiments of 10 s were performed,
limiting the mass loss during the experiments to <0.5%, thus
ensuring only small compositional changes. The samples were
cooled at a rate of ∼200 ◦C s−1 from the high temperature
stable liquid and recovered as glass.

We have performed simultaneous high-energy
SAXS/WAXS measurements on liquid and glassy
20BaO–80SiO2 on beamline 6-ID-D at the APS in trans-
mission geometry, using an incident energy of 80.2 keV.
Details of the set up have been described previously (Benmore
et al 2020b, 2020a) so will only be briefly outlined here.
Two Dexela 2315-MAM detectors with sample to detector
distances of ∼28 cm and ∼230 cm provided a continuous
Q-range from ∼0.025 to ∼19 Å−1 with an overlap region of
∆Q ∼2 Å−1. The SAXS detector diffraction patterns were
calibrated using silver behenate and the WAXS detector with
a NIST CeO2 standard. Brass sheets of 0.5 mm thickness were
placed in front of each detector to reduce the Ba fluorescence
from the sample. Both data sets were analyzed using the
Fit2D software (Hammersley 2016) and corrected for flat
field, polarization, rotation and tilt and spliced together at Q
∼ 0.9 Å−1, see figure 5. The program PDFgetX2 (Qiu et al
2004b) was used to correct for background, oblique incidence,
absorption and detector efficiency effects and normalize the
WAXS, I(Q), data to the sample self-scattering in absolute
electron units. It is important to note that the brass sheets
left a residual fluorescence background which was subtracted
empirically by normalizing to the Si–O peak at 1.6 Å in the
glass (assuming SiO4 tetrahedra) using an iterative process.
Similar parameters were used for the liquid and maintaining
the requirement that S(Q) has to oscillate about 1. This
analysis yielded an approximate density of 2.6 g cm−3, which
lies between that of glassy silica (2.2 g cm−3) and the single
phase glass 25BaO–75SiO2 (3.33 g cm−3) (Rai and Mountjoy
2014). The density used here is significantly lower (13%)
than the 2.93(9) g cm−3 reported by (Tomlinson et al 1958)
for molten 20BaO–80SiO2 at 1700 ◦C. The extracted total
x-ray structure factor, S(Q) (see figure 6), was truncated at a
maximum Q-value, corresponding to a positive node at Q ∼
17.5 Å−1, and Fourier transformed using a Lorch modification
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Figure 5. Comparison of the simultaneously measured SAXS and
WAXS intensities of 20BaO–80SiO2 for the high temperature liquid
and quenched glass at room temperature.

Figure 6. The x-ray total structure factors for the high temperature
supercooled liquid and room temperature glassy 20BaO:80SiO2.

function to minimize truncation ripples and yield D(r), see
figure 7.

Porod index from the SAXS I(Q) data shown in figure 5(b)
increases from 0.3 at ∼1500 ◦C to 3.56 at 25 ◦C indicating
miscibility in the high temperature supercooled liquid, but a
smooth interface between the phase separated components in
the glassy phase. These changes are concomitant with a con-
siderable sharpening of the peaks in the glassy S(Q) shown in
figure 6, indicating a considerably more ordered structure.

3.2. High temperature results and discussion

The x-ray differential PDF for the single-phase high temper-
ature 20BaO:80SiO2 liquid shows broad overlapping peaks
beyond the nearest neighbor Si–O peak. This includes a slight
asymmetry around 1.76 Å indicative of long Si–O bonds
(Shannon and Prewitt 1970), which are not present in the
room temperature glass. This feature and the peaks at longer
distances were interpreted based on the classical molecular
dynamics simulations (MD) of (Rai and Mountjoy 2014),

Figure 7. The x-ray differential distribution function, D(r), for the
high temperature supercooled liquid and room temperature glassy
20BaO:80SiO2 (thick solid black line) compared to the sum of peak
fits (thin solid black line). The sum of the Si–O, O–O and Si–Si
peaks are shown by the dotted red line, and the Ba–O peak is
represented by the blue dashed line.

which have been performed on single phase xBaO(1-x)SiO2

glasses using Teter inter-atomic potentials for x " 33.3. We
have also performed preliminary MD NPT simulations on
the quenched liquid 20BaO:80SiO2 using these potentials but
found the Si–O coordination to be 4 only throughout the
quench from liquid to glass. The Si–O (1.6 Å), O–O (2.6 Å)
and Si–Si (3.1 Å) peaks associated with a polymerized silica
network sharpen as the system phase separates. The broader
Ba–O peak is centered at ∼3.0 Å. At longer distances the first
Ba–Ba peak in the molecular dynamics simulation is at 4.2 Å,
and the first Ba–Si peak is around 3.8 Å. The fitted Ba–O
coordination number reduces from 6.8(5) in the melt to 6.3(3)
in the barium-rich component of the glass. This compares to
a Ba–O coordination number of 6.8 for x = 33.3 from MD
(Rai and Mountjoy 2014). A mixture model of this barium sil-
icate glass (digitized from theMDmodel of (Rai andMountjoy
2014)) was combined with the PDF of pure silica in a ratio of
77:23. The mixture model qualitatively reproduces the mea-
sured features observed in the two-phase 20BaO:80SiO2 glass
differential PDF, D(r) in figure 8.

Neither, our data, the MD simulations (Rai and Mountjoy
2014) or neutron experiments (Hasegawa and Yasui 1987)
indicate evidence of a significant amount of four-fold Ba as
the source of the metastable phase separation. Rather, we note
that Ba has a very weak ionic potential, which greatly reduces
the Coulombic repulsion and the width of the resulting mis-
cibility gap. So, we argue that provided the Ba cations are
coordinated by a sufficient number of non-bridgingoxygens in
less polymerized regions of the melt, the repulsions between
them can be neutralized. The broad peaks inD(r) for the single
phase 20BaO:80SiO2 melt, compared to the sharp silica net-
work (O–O and Si–Si) peaks observed in the phase separated
glass supports this assertion [bearing in mind that pure SiO2

also has sharp peaks in the liquid state (Skinner et al 2013)].
This indicates that it is the weak ionic potential of Ba which
is the origin of metastable liquid–liquid immiscibility in the
BaO–SiO2 system.
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Figure 8. The differential distribution function, D(r), for phase
separated 20BaO:80SiO2 glass (solid black line) compared to a
mixture model (red dashed line). Below are the two components of
the mixture model; SiO2 glass (blue solid line) and molecular
dynamics simulation of single phase 33BaO:67SiO2 glass (black
dotted line) taken from (Rai and Mountjoy 2014).

4. SiO2–H2O glasses quenched at high pressure

The presence of water in silica glass is typically only in parts-
per-million quantities, but even this tiny amount has long been
known to affect its’ properties. A few percent water in sil-
ica can drastically affect both the density and viscosity of the
melt. The structure of SiO2 and H2O are fundamental to our
basic understandingof disorderedmaterials, and are often used
as archetypal examples of network formation and tetrahedral
packing in glasses and liquids, respectively (Benmore 2012b).
Silica and water have particular significance in the fields of
geophysics and glass formation.From a liquid standpoint silica
is a good glass former and so-called ’strong’ liquid, using the
terms of Angell (Angell 1995), indicating that the temperature
dependence of the viscosity takes on an Arrhenius behavior.
Water on the other hand, does not easily form a glass and can
be considered a ’fragile’ liquid since it’s viscosity behavior
deviates strongly from the Arrhenius relation. At high temper-
atures and pressures, above the critical point of TC ∼ 1100 ◦C
and PC ∼ 1 GPa, water and silica are completely miscible, but
below this point they separate into an aqueous fluid and sil-
icate melt (Newton and Manning 2008, Mysen 2005). Such
hydrothermal fluids are important in planetary processes on
the Earth, terrestrial planets and in the outer Solar System.
For example, on Earth fluid-rock interactions are known to
dominate volcanic activity. Extracting the x-ray diffraction sig-
nal from such small, weakly scattering samples under these
extreme conditions has previously proved difficult (Yamada
et al 2011, Anderson et al 2014) until recently (Urakawa et al
2020).

On the basis of extensive infrared absorption and Raman
studies, it has been suggested that at low concentrations water
enters the silica network in the form of hydroxyl groups, how-
ever above about 7 wt.% evidence of molecular water starts
to appear. This has led to a general model in which hydroxyl
groups increasewith increasingwater content, and then remain
constant at higher concentrations, at which point the amount
of molecular water begins to increase linearly. A neutron and

x-ray study on 13 wt.% D2O hydrous glass has shown separa-
tion into two phases; a major SiO2 rich phase and a minor D2O
rich phase in small domains of <100 Å (Urakawa et al 2020).
Despite this, little is known of how the hydroxyl groups effect
the topology of the silicate network or the modification of the
water structure within the pores of the glassy structure. Such
information is important in understandingwater solubility and
diffusion mechanisms in geological magmas, the preparation
of optical glass products and has relevance to the degradation
of cements.

4.1. High pressure glasses experiment

Large volume (80 mg), high water content (up to 12 wt.%)
samples of hydrous SiO2 glass were synthesized at high pres-
sures and temperatures using the multi-anvil laboratory at Ari-
zona State University. In order to produce glasses with large
amounts of H2O, samples of SiO2 ∼ 80 mg in size were
loaded into a 5 mm outer diameter platinum cup. Two samples
were synthesized, one with ∼8 wt.% and the other ∼12 wt.%
H2O. Water was inserted into the cup with a syringe, and a
platinum lid welded on to the top using a laser welder with-
out allowing the H2O to evaporate. The platinum can with
the starting materials inside was loaded into a high pressure
multi-anvil assembly and pressurized to 4 GPa. The tempera-
ture was raised to 1500 ◦C using a graphite heater embedded
in the high-pressure assembly and held for 1 h. The samples
were then rapidly temperature-quenched to form a hydrous
glass under pressure. A dual combination of Dexela detec-
tors was used for the SAXS/WAXS measurement using an
incident energy of 60 keV on beamline 6-ID-D at the APS
(Benmore et al 2020b), with a similar x-ray diffraction set
up and analysis procedure as described for the barium silicate
experiment.

4.2. High pressure glasses results

The change in SAXS intensity with water content is shown
in figure 9. The Porod index of the SAXS slope increases
from n ∼ 0 for dry SiO2, to 0.83 for 8 wt.% H2O and 3.3
for 12 wt.% H2O. This indicates a change in roughness of
the interface between the silica pores and water from irreg-
ular to smooth with increasing water content. There is also
a very weak, broad peak encompassing Q ∼ 0.07–0.12 Å-1

for the 8 wt.% H2O–SiO2 sample, suggesting a wide range of
periodicities, possibly from ill-defined pores. This is in qual-
itative agreement with the results of (Urakawa et al 2020)
that show heterogeneity over the length-scale of microme-
ters and a distribution of pore sizes. The high-Q region >3
Å–1 is similar between all three samples indicating that the
SiO4 unit is the dominant motif. Although, the 12 wt.% H2O
sample also contained some small superimposed Bragg peaks
from remains of the platinum holder. The major difference
between the dry glassy SiO2 spectra and the SiO2–H2O glasses
is the shift in position of the first sharp diffraction peak from
QFSDP = 1.53(1) to 1.71(1) Å−1, see figure 10. This corre-
sponds to a reduction in the periodicity associated with inter-
mediate range ordering of the silicate network from 2π/QFSDP

∼ 4.1 to 3.7 Å.
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Figure 9. The normalized SAXS/WAXS intensity on a log-log plot
for dry SiO2 glass compared to the glasses synthesized at high
pressure and temperature containing 8 wt.% and 12 wt.% water.

Figure 10. The x-ray structure factors of dry SiO2 and 8 wt.% H2O
silicate glasses (shifted by +2) compared to those for dry SiO2 glass
measured in a diamond anvil cell at pressures of 1.5 and 8 GPa
(Benmore et al 2010).

4.3. High pressure glasses discussion

It has been proposed that water causes a depolymerization of
the silicate network in the melt which affects transport prop-
erties (Mysen 2005). The densification of network glasses at
high pressures generally leads to a reduction in intermediate
range order, which is manifested by a decrease in height of the
FSDP (see figure 10) and a collapse of void space (and smaller
ring sizes) corresponding to a shift of the FSDP to higher
Q-values (Sampath et al 2003). It is therefore notable that
the FSDP’s in the SiO2–H2O glasses exhibit a slight increase
in height, compared to that of dry SiO2 glass, indicating the
degree of order of the silicate network is maintained (or even
enhanced) at high water contents >7 wt.% H2O where pores

Figure 11. (a) The differential x-ray distribution function D(r)
multiplied by r, to emphasize the intermediate range order at longer
distances for SiO2 and 8 wt.% H2O glasses. Atom–atom correlations
are labeled based on the partial pair distribution functions of a
corner shared SiO2 glassy network (Mei et al 2008) where X–X
corresponds to Si–Si and O–O. (b) The rD(r) difference of the two
curves shown in (a) and three corner-shared SiO4 tetrahedra.

containing molecular water start to appear. Similar observa-
tions have been made by (Urakawa et al 2020) and have been
linked to a decreasing Si–O–Si angle with pressure. X-ray
diffraction data on water containing glasses (Zotov et al 1992)
has also revealed increasing disorder with higher water con-
tents leading to the presence of water-rich domains. Previous
infra-red studies on multi-component hydrous alkali-silicate
glasses suggest weak hydrogen bonding interactions between
both hydroxyl and molecular water groups and silanols (Wu
1980, Acocella et al 1984, Bartholomew 1983).

Pure silica glass has a broad range of ring distributions, cen-
tered on six-fold rings of SiO4 tetrahedra (Kohara and Suzuya
2005). The differential pair distribution functions, D(r), of 8
and 12 wt.% H2O–SiO2 glasses show very similar features to
that of the SiO2 tetrahedral network, but with broad changes
in relative intensity beyond the nearest neighbor tetrahedral
interactions e.g. see figure 11. The 12 wt.% H2O data are not
shown due to the ambiguity introduced by the platinum con-
tamination but yield essentially the same PDF as the 8 wt.%
H2O data. The difference between the SiO2–H2O and SiO2

glasses isolates these broad correlations, which have a period-
icity of ∼4 Å. The increase in intensity in ∆rD(r) at 4.3 Å
is attributed to a growing number of Si1–O2 correlations, and
the decrease around ∼6 Å due to the loss of Si1–O3 interac-
tions. These changes are likely associated with the formation
of three-membered rings of corner-shared SiO4 tetrahedra, at
the expense of larger rings. This is reasonable because three
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fold rings are known to form in the melt at ambient pressure
(McMillan et al 1994, Skinner et al 2013) and their num-
ber is expected to increase at higher pressures as the system
densifies. However, this explanation needs to be verified by
computer simulation, as the difference function comprises of
changes in all atom-atom correlations i.e. the densified silica
ring distribution (which appears to dominate), as well as water-
water and water-silica interactions. Nonetheless, it is apparent
that along with a slight distortion of the SiO4 tetrahedra, the
main changes in intermediate range ordering occur between
distances of ∼3–18 Å. We therefore speculate that inhomo-
geneous clusters of corner shared three-membered SiO4 rings
occur in the high water content silicate glasses.

5. Summary and outlook

Two new hard x-ray methodologies for studying liquid, glassy
and amorphous materials are discussed in this paper. The first
is GI–PDF for analyzing grazing incidence high-energy x-
ray data on amorphous thin films. This technique allows total
structure factors to be measured out to high-Q values on films
that are too thin to be measured in transmission geometry.
The resulting S(Q) over a wide Q-range provides high reso-
lution PDF’s compared to existing GI techniques. In the case
of amorphous indium oxide, the data is shown to contain
information of both the distribution of the local polyhedra as
well as their connectivity. Namely, an approximate 1:2:3 ratio
of face:corner:edge -sharing polyedhra was found in a het-
erogenous, low density In2O3 thin film. The second method
is simultaneous high-energy SAXS/WAXS, which enables the
ability to probe the local structure on an Angstrom scale,
together with density fluctuations on the length-scale of a few
tens of nanometers. When combined with high temperature
and/or high pressure techniques the method allows the inves-
tigation of stable and metastable structures across phase dia-
grams. The examples of (i) homogenous liquid and two-phase
glassy barium silicate indicate a Ba–O coordination number
of 6–7 which supports the assertion that it is the weak ionic
potential of Ba that leads to liquid-liquid immiscibility in the
BaO–SiO2 system. (ii) Changes in the medium range order
of PDF data of heterogenous water-silica glasses produced
at high pressures and temperatures, suggest the mechanism
of densification is associated with the increase in the num-
ber of smaller ring sizes at the expense of larger ones. The
analysis presented demonstrates the relative sensitivities of the
SAXS/WAXS signal and the PDF to phase separation, and the
changing topologies of melts upon quenching to the glassy
state.

Indeed, both GI–PDF and high-energy SAXS/WAXS are
well suited to the study of the types of inhomogeneous glassy
networks described by Greaves (Greaves 1985, Greaves et al
1981, Greaves and Sen 2007, Bras et al 2003). The ability
to probe wide regions of phase space over multiple length
scales, will provide an essential database for the growing num-
ber of machine learning initiatives that are aimed at search-
ing for ‘global’ interatomic potentials using large simulation
boxes (Sivaraman et al 2020). X-ray PDF data on glassy and

amorphous materials provides a rigorous test of any inter-
atomic potential and are critical for training simulated data
sets designed to predict multiple structures and phase changes.
Improvements in predictive capabilities of models is an impor-
tant goal of applied glass science for developmentof functional
glasses.
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