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ABSTRACT

The advent of advanced instrumentation and measurement
protocols makes it increasingly feasible to use X-ray and
neutron diffraction methods to investigate the structure
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of liquid and glassy materials under extreme conditions of
high-temperatures and/or high-pressures. In particular, a
combination of diffraction and modern simulation techniques
is allowing for an understanding of the structure of these
disordered materialsatboth the atomisticand electroniclevels.
In this article, we highlight some of the recent work in solving
the structure of liquid and glassy oxide and chalcogenide
materials under extreme conditions. We consider, in turn, the
use of aerodynamic levitation with laser heating to investigate
the structure of high-temperature oxide melts and to
fabricate novel glassy materials by container-less processing;
the use of high-pressure methods in the gigapascal regime
to investigate the mechanisms of network collapse for glassy
network structures; and the simultaneous application of high-
pressures and high-temperatures to explore the structure of
disordered materials. Finally, we consider the use of other
quantum-beam diffraction-based techniques for probing the
order hidden in the correlation functions that describe the
structure of disordered matter.
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1. Introduction

The absence of translational periodicity and the complexity associated with the
structure of liquid and glassy materials makes for a challenging field of research.
Indeed, as noted by Egelstaff in his review article of 1983 [1], solving the struc-
ture of these materials can make for a frustrating time: Although the underlying
concepts have been known for a long while, the capability for making high-qual-
ity diffraction experiments, especially under different state conditions, is often
unavailable. However, the advent of advanced X-ray and neutron diffraction
instrumentation and measurement protocols, when combined with modern com-
putational methods [2], makes it increasingly possible to understand the structure
of liquids and glasses at both the atomistic and electronic levels. In particular,
it is possible to go beyond the nearest-neighbour information on inter-atomic
distances and mean coordination numbers that is provided by the total structure
factor measured in a single X-ray or neutron diffraction experiment [3,4]. Here,
the relationship between experiment and simulation is symbiotic: experiment is
required to test the efficacy of the theoretical scheme used in a simulation but,
once this scheme has been established, the models can be used to enhance the
information made available. Ideally these models will also have predictive capa-
bilities, e.g. for new compositions and/or state conditions.

In this article, we focus on the structure of oxide and chalcogenide liquids and
glasses under extreme conditions of high temperatures and/or high pressures.
In particular, we use case-examples taken from the recent literature in order to
illustrate recent advances in diffraction techniques, and the type of information
that can now be obtained using a joint diffraction and simulation approach. The
results from other experimental techniques are referred to when appropriate.
The paper is organised as follows. In Section 2, the essential theory for diffrac-
tion experiments is summarised. In Section 3, the structure of aerodynamically
levitated oxide liquids is considered, along with the structure of the glasses that
can be obtained from levitated liquids. In Section 4, the structure of oxide and
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chalcogenide glasses at high pressures is discussed. In Section 5, an account is
given of the diffraction methods used to investigate liquids at high pressure and
high temperature conditions. For disordered oxide materials, the oxygen packing
fraction is found to play a key role in determining when network transformations
are likely to occur. Finally, in Section 6 we consider future directions for probing
the order hidden in the correlation functions that describe the structure of dis-
ordered matter.

2. Outline diffraction theory

In an X-ray or neutron diffraction experiment on a disordered material contain-
ing n chemical species, information on the structure is contained in the total
structure factor [4,5]

1 i
SQ=1+———= 3 > c,;wi(QwyQ[S,,(Q ~1 .
(w(Q)I’ Zﬂz ’ QS ] (1)

where ¢ is the atomic fraction of chemical species a; w, (Q) is either a
Q-dependent atomic form factor with dispersion terms in X-ray diffraction
(XRD) or a Q-independent coherent scattering length in neutron diffraction
and is, in general, a complex number; Saﬂ(Q) is a partial structure factor; and
[(w(Q))|? = > 2;21 ¢, 5w, (Q) w,(Q). A subscript/superscript X or N can be
used to distinguish between the S(Q) functions measured by X-ray and neutron
diffraction, respectively. The corresponding real-space information is contained
in the total pair-distribution function G(r), which is obtained from the Fourier
transform relation

G =1+ — JQ[S(Q) — 1]sin (Qr)dQ 2)
27 pr )

where r is a distance in real-space and p is the atomic number density. A similar
Fourier transform relation can be used to convert a partial structure factor S ;(Q)
into a partial pair-distribution function g, ;(r). The structure of a system contain-
ing n chemical species is described by n(n + 1)/2 of these partial pair-correlation
functions.

3. Levitated oxide liquids and the glasses obtained from levitated
liquids

Levitation methods [6] allow for an investigation of high-temperature liquids
without the difficulties, such as contamination, associated with a container. These
container-less methods also permit the formation of deeply undercooled liquids,
via the elimination of extrinsic heterogeneous nucleation centres, and thus enable
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Figure 1. The measured (a) X-ray and (c) neutron total structure factors S(Q), and (b) X-ray and
(d) neutron total pair-distribution functions G(r) for I-Al,O, at 2400 K [7]. The solid circles in (a)
correspond to the measurements made at three different synchrotron sources, and the curves
in (b) are the Fourier transforms of two of these data-sets with the unphysical oscillations at
r< 1.5 A set to the G(r — 0) limit. The open and solid circles in (c) correspond to old [13] and
modern [7] measurements, respectively, and the broken and solid curves in (d) are the Fourier
transforms of these data-sets, respectively. In (d), the unphysical oscillations at r < 1.5 A for the
latest G(r) function are set to the G(r — 0) limit. The solid curves that are superposed on the solid
circles in (a) and (c) give the back Fourier transforms of the corresponding G(r) functions after the
unphysical oscillations at r < 1.5 A are set to the G(r — 0) limit.

the fabrication of novel glassy materials. Accordingly, there has been much work
on the atomic structure of levitated oxide liquids [6-10], and on the glasses syn-
thesised from levitated liquids [6,10,11], using X-ray and neutron diffraction. Of
the different levitation techniques that can be used [6], aerodynamic levitation
with laser heating is the most popular because the instrumentation is compact
and works well for a wide variety of materials. We will focus on recent work to
uncover the structure of the high-temperature oxide liquids Al,O, [7], ZrO, [8]
and UO, [9] as well as the structure of materials in the fragile glass-forming sys-
tem CaO-ALO, in their high-temperature liquid and/or glassy forms [10-12].
Previous work on oxide liquids is reviewed elsewhere [6].

3.1. Structure of liquid Al O,

Liquid (I-) ALO, is a much studied melt, partly because it is well known as a
non-glass-forming liquid. Figure 1 shows the X-ray and neutron total structure
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factors S(Q) and pair-distribution functions G(r) for I-Al,O, near to its melting
point [7,13]. As indicated by Figure 1(a) and (b), the XRD data-sets measured at
different synchrotron sources are self-consistent and, as indicated by Figure 1(c)
and (d), neutron diffraction can now deliver high-quality structural information
on aerodynamically levitated materials. In general, there is a contrast between the
weighting factors w_(Q) in Equation (1) for X-ray and neutron diffraction. These
methods will therefore deliver complementary information on the structure of a
liquid, as indicated by the notable contrast between the X-ray and neutron S(Q)
functions in the low-Q region of Figure 1(a) and (c). In Ref. [7], a molecular
dynamics model that gave best agreement with experiment was refined using
the reverse Monte Carlo (RMC) method. The melt structure was found to be
composed predominantly of AlO, and AlO, polyhedra, in the approximate ratio
of 2:1, where the majority of these polyhedra are corner-sharing. Edge-sharing
conformations do, however, have a notable presence at the ~16% level, and most of
the oxygen atoms (~81%) are shared among three or more polyhedra. This model
for the liquid, in which AlO, tetrahedra are the predominant structural motifs,
is consistent with the information available from high-temperature Al nuclear
magnetic resonance (NMR) experiments [14]. A comparison with Zachariasen’s
rules helps to explain why liquid AL,O, is not a glass-forming material. Glass-
forming tendency would be favoured if the Al and O atoms were fourfold and
twofold coordinated, respectively, and if edge-sharing conformations were rare [7].

3.2. Topological ordering and glass-forming ability

Figure 2(a) compares the Bhatia-Thornton number-number partial struc-
ture factor S (Q) for the high-temperature liquid phases of ALO,, ZrO,
and SiO, as obtained from molecular dynamics simulations that reproduce
the measured total structure factors [8]. For these A X, and AX, materials,
Sww(Q) = ciS Q)+ c)z(SXX(Q) + 2¢, 64 S,x(Q)describes the topological ordering
[15]. Only [-SiO, forms a glass, and its structure exhibits pronounced intermediate
range ordering as manifested by the appearance of a prominent first-sharp dif-
fraction peak (FSDP) in S, ((Q) at Q 1,y = 2.7. The SiO, glass structure is formed
from SiO, tetrahedra that self-assemble as the liquid is cooled to give a broad
distribution of ring sizes that incorporate between 3 and 12 Si atoms, where these
rings form the boundaries of topologically disordered cages [8]. The ring size
distribution obtained from the RMC model is broader than that from the molec-
ular dynamics simulation. In comparison, only sixfold rings, incorporating six Si
atoms, contribute to the structure of the -cristobalite phase of crystalline ¢-SiO,
(Figure 2(b)). The position Q;, of the FSDP arises from an underlying real-space
periodicity 2z / Qggpp that originates, e.g. from the formation of pseudo Bragg
planes in [-SiO,, as indicated by the broken curves in Figure 2(b). The appearance
of transient-layered structures in glass-forming melts is discussed elsewhere [16].
The absence of translational periodicity in the glass and its associated liquid,
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Figure 2. The (a) Bhatia-Thornton number—number partial structure factor Sy, (Q) for I-AL 0O, at
2400 K (solid light (red) curve), I-ZrO, at 3073 K (solid bold (black) curve) and /-SiO, at 2373 K
(solid dark (blue) curve) derived from molecular dynamics simulations [8]. The scattering vector
Q is scaled by the nearest-neighbour distance r,, for unlike chemical species. (b) Polyhedral
representations and schematic illustrations of the atomic configurations in ¢-SiO,, /-Si0, and /-
ZrQ,. The underlying periodicity of a structure is indicated by the broken (cyan) curves [8]. For
¢-Si0, and /-Si0,, the number of Si atoms in a ring is also indicated, e.g. 6R refers to a ring with 6
Si atoms.

and the presence of topological disorder, manifest themselves in the finite width
AQygppof the FSDP, iLe. there is a finite correlation length of 277 / AQy,, associated
with the intermediate range ordering [17].

As for the case of [-Al,O,, a pronounced FSDP does not appear in Sy, (Q) for
I-ZxO, (Figure 2(a)), i.e. both structures are less regular than for [-SiO, (Figure
2(b)) and there is an absence of intermediate range ordering on a real-space length
scale of 2z / Qggpp- In the case of l-ZrOz, this situation arises from the formation of

a variety of Zr-centred structural motifs with large oxygen coordination numbers,
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Figure 3. (a) The difference functions A*(Q), 6*(Q), A“(Q) and §“(Q) for glassy (Gls) and liquid
(Lig) CaAl,0,. The vertical bars show the statistical errors on the measured data points, and the
solid (red) curves show the back Fourier transforms of the corresponding real-space functions.
The chained (blue) curves show molecular dynamics results [10]. (b) Snapshots illustrating the
largest clusters of edge-sharing Ca-centred polyhedra in the molecular dynamics simulations of
CaAlL0, for the liquid at 2500 K (left) and for the glass at 350 K (right) [10].

predominantly ZrO,, ZrO, and ZrO,, many of which are edge-sharing. For net-
work glass-forming materials with the AX, stoichiometry, a diminished FSDP is
a signature of increased melt fragility, i.e. with an increase in the rate of change in
viscosity with temperature as the glass transition is approached [18]. The absence
of an FSDP in 8 (Q) for single-component oxide materials such as [-Al,O, and
[-ZrO, may therefore be an important indicator of non-glass-forming tendency,
reflecting the existence of low-viscosity liquids [8].
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3.3. Structure of liquid and glassy calcium aluminates

The method of neutron diffraction with isotope substitution is a powerful ele-
ment-specific structural probe [4]. Recently, this method was applied with Ca
isotopes to a laser-heated levitated-liquid of CaAl,O, at 1973 K, and to the corre-
sponding glass at 300 K [10]. Figure 3(a) shows the measured difference functions
A“(Q), 5°(Q), A*(Q), and 6*(Q) for glassy and liquid CaAl,O,, which are in good
agreement with those obtained from molecular dynamics simulations made using
an ionic interaction model that accounts for anion polarisation and shape defor-
mation effects, as well as the polarisability of the calcium cations. Here, AC“‘(Q) has
contributions from only the Ca-Ca and Ca-y pair-correlation functions where y
denotes Al or O, whereas 6“*(Q) involves only the Ca-y pair-correlation functions.
In contrast, A*(Q) involves both the Ca-Ca and py-p pair-correlation functions,
whereas 6*(Q) involves only the y-p pair-correlation functions.

The results show that significant structural changes occur on vitrification of
this fragile glass-forming material on both the local and intermediate length scales
[10]. Firstly, there is a reorganisation on quenching that leads to a reduction
in the Al-O coordination number from 4.20(4) to 4.04(3), corresponding to a
removal of the AlO, polyhedra and threefold-coordinated oxygen atoms that are
present in the liquid, and the establishment of a network of corner-sharing AlO,
tetrahedra in the glass. The liquid state coordination number of 4.20(4) compares
to an estimate of 4.16 from high-temperature ??A1 NMR experiments, based on
the temperature dependence of the chemical shift [19]. Secondly, edge-sharing
Ca-centred polyhedra occur in the liquid, and there is an enhancement of these
connections in the glass (Figure 3(b)). This observation is consistent with another
joint experimental and simulation study that involved X-ray and neutron diffrac-
tion along with extended X-ray absorption fine structure (EXAFS) spectroscopy,
and a modelling procedure in which the atomistic configurations generated using
RMC were used as the starting point for density functional theory (DFT) based
simulations [11]. Figure 4(a)-(c) compare the measured neutron and X-ray total
structure factors S(Q)and the EXAFS k” y (k) function (measured at the Ca K-edge)
for glassy 50Ca0-50A1,0, (50Ca0) and glassy 64Ca0O-36 Al O, (64Ca0) with
the results obtained from the DFT-RMC models [11]. There is little change in
the diffraction or EXAFS data-sets as the composition is varied, which indicates
similar glass structures.

The electride glass [Ca,,AL,O,]*"-4e” (C12A7:e"), which is synthesised from
a strongly reduced high-temperature melt, contains trapped electrons that are
solvated by cations in the glass structure, an unusual feature for an oxide material
[12]. It has been assumed that these solvated electrons are trapped in the cage
structures that are formed when excess oxygen atoms in the C12A7 melt are
removed from AlO, or AlO, units. To explore this possibility [11], one oxygen
atom was removed from the modelled 64CaO glass structure to leave a cavity
marked as h, in Figure 4(d), while two additional electrons were introduced in
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k (A1)

Figure 4. The (a) neutron and (b) X-ray total structure factors S(Q) and (c) EXAFS k* y (k) data for
glassy 50Ca0 and 64Ca0. The EXAFS k* y (k) data, where k denotes the photoelectron wave vector
[3], were obtained by back Fourier transforming the first correlation peak in |FT|. The experimental
data points are given by coloured circles, and the results from DFT-RMC models are given by dark
(black) curves [11]. In (d), a ball-and-stick representation is given for the atomic configurations in
an electride glass, where one oxygen atom (located at h,) was removed from the DFT-RMC model
for 64Ca0 glass and two electrons were added. The electron spin density for these electrons is
shown for the case when they have the same spin (blue regions). One electron is located in the
cavity at h, and the other is located in a cavity at h,, where the cavity separation is 12 A1l

order to maintain overall charge neutrality. DFT-based simulations were then
used to optimise the structure for different spin configurations of these electrons.
In the spin-degenerate case, where there is no distinction concerning the ‘spin’
of the electrons, they both occupy the h, cavity, and yield the highest occupied
molecular orbital that is similar to the lowest unoccupied molecular orbital of the
unmodified 64CaO glass. However, removal of the spin-degeneracy (triplet-spin
configuration) leads to an electronic configuration that is 0.97 eV more energet-
ically favourable, where the two additional electrons have the same spin and are
located in well-separated cavities that are labelled by h| and h, in Figure 4(d) (h,



ADVANCES IN PHYSICS: X 649

50

4 ) LS

sl | "l’“

&
<
= 20k i 4 l 2100 K
8? i
10 o 5 :" p
{11300 K
o] % |
-10 L L L L 1 " " " " 1 .' " " .‘|| :‘
0 5 10 15 20
r(A)

Figure 5. The temperature dependence of the X-ray pair-distribution function D, (r) for UO, in its
crystalline (1300-3000 K) and liquid (3270 K) phases [9] as measured by diffraction (solid curves)
or simulated using molecular dynamics (broken curves). The nearest neighbour U-O and U-U
distances at the highest temperatures are indicated by r,,, and r, respectively.

is a cavity in the host 64CaO glass structure). This procedure was repeated for
two, three and four removed oxygen atoms, corresponding to four, six and eight
additional electrons, respectively. In every case, separated (solvated) electrons in
individual cavities were found to be more energetically favourable than two elec-
trons in the same cavity (F-centre-like states). The removal of increasing numbers
of oxygen atoms increases the number of defect states in the electronic band gap
and thereby increases the electrical conductivity, thus giving the possibility of an
electride glass with tuneable electrical properties [11].

3.4. Structure of UO, on melting

UO, is an important fuel in fission power reactors but there has been little experi-
mental information on the structure of the liquid phase, which is relevant for reac-
tor safety, because of the high-temperatures involved and the corrosion caused by
the melt. Recently, it has proved possible, however, to tackle this problem using aer-
odynamic levitation with laser heating and XRD [9]. Figure 5 shows the tempera-
ture dependence of the X-ray pair-distribution function Dy (r) = 4z p r [GX(r) - 1]
for UO, in both its crystalline solid and liquid phases, covering a temperature
range of 1300-3270 K. On melting, there is a marked drop in the average U-O
coordination number from 8 to 6.7 + 0.5 and molecular dynamics simulations,
made with pair-potentials that were refined using the diffraction results, show a
distribution of U-centred oxygen polyhedra. The simulations predict a liquid state
mobility for the chemical species that is higher than found from a model of the lig-
uid in which there is no change to the U-O coordination number on melting [9].
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Figure 6. The pressure dependence of the (a) neutron and (b) X-ray total structure factors S(Q)
for Si0, glass under cold compression. The solid light (green) curves are from molecular dynamics
simulations, and all other curves represent measured data sets [26]. (c) Schematic of a series of
ring closure events in SiO, glass where the Si atoms are small (yellow) circles and the O atoms are
large (red) circles. The initial primitive ring is shown in (i), a single ring closure event is shown in
(ii) and a second ring closure event is shown in (jii). At a given stage in the densification process,
existing Si-O bonds within a ring are shown by thick solid lines and the new Si—O bond is shown
by a broken line. The remainder of the Si—O bonds are indicated by thin solid lines [26].

4, Oxide and chalcogenide glasses at high pressures

The response of liquid and glass structures to high-pressure conditions, and the
mechanisms of network collapse, are of importance in fields that range from mate-
rials processing to geophysics. The measurement of accurate diftfraction patterns
is, however, challenging because of the need for small samples and the appearance
of unwanted scattering from high-pressure apparatus. Diamond anvil cells have
long been used with XRD to investigate the structure of disordered materials at
pressures in the gigapascal (GPa) regime, where the background signal (primarily
Compton scattering from diamond) can be reduced substantially using perforated
diamond anvils [20]. More recently, the development of new instrumentation and
measurement protocols has enabled accurate neutron diffraction patterns to be
measured for glassy materials using a Paris-Edinburgh press [21], first at pressures
up to 8.6 GPa [22], and then at pressures up to 17.5 GPa using a different scat-
tering geometry [23]. Neutron diffraction with a multi-anvil press has also been
applied to investigate the structure of SiO, glass at pressures up to 9.4 GPa [24].



ADVANCES IN PHYSICS: X 651

The development of in situ high-pressure neutron diffraction to investigate the
structure of glasses and liquids is reviewed elsewhere [25]. In order to illustrate the
advances that have been made, we will focus on the structures of the prototypical
glassy materials SiO, [26], B,O, [27] and GeSe, [28] under cold compression, i.e.
pressurisation at ambient temperature.

4.1. Structure of glassy SiO, under pressure

Figure 6(a) and (b) show the pressure dependence of the total structure factors
measured for glassy SiO, by neutron diffraction and XRD, respectively [26,29-31].
These methods are more sensitive to the O and Si atom pair-correlation functions,
respectively, and the complementarity of the information thus provided is indi-
cated by the presence at ambient pressure of a so-called principal peak in S (Q)
at ~2.9 A~! but an absence of this feature in S4(Q). The X-ray data-sets cover a
pressure range over which there is a transformation of the glass structure from
a network made from corner-sharing SiO, tetrahedra to a network made from
edge- and corner-sharing SiO, octahedra. Both sets of diffraction patterns can be
accounted for by molecular dynamics simulations using the Tangney-Scandolo
[32] interaction potentials, which incorporate anion (dipole) polarisation terms
(Figure 6(a) and (b)). The atomistic configurations thus provided show that den-
sification proceeds via the formation of fivefold-coordinated Si atoms. Strikingly,
the modelled rate of change with pressure of the mean primitive ring size (a ring
is primitive if it cannot be decomposed into smaller rings) can be accounted for
by a simple ‘zipper’ model for ring closure (Figure 6(c)) [26]. Here, a primitive
ring closes when a silicon atom Si' forms an additional bond with another oxy-
gen atom O within the ring, thus increasing the Si' coordination number from
four to five and the O' coordination number from two to three (Figure 6(c)(ii)).
A further ring closure event then takes place at an adjacent site to give another
over-coordinated silicon atom Si" along with an additional threefold-coordinated
oxygen atom O (Figure 6(c)(iii)). The proximity of these ring closure events
helps to preserve locally the glass stoichiometry and, because the Si and O atoms
in the Tangney-Scandolo interaction model are charged, this acts in a direction
to preserve local charge neutrality.

4.2. Structure of glassy B,0, under pressure

The pressure dependence of the total structure factors measured for glassy B,O,
by neutron diffraction and XRD are shown in Figure 7(a) and (b), respectively
[27,33]. Here, the complementary nature of the information provided by these
structural probes is indicated by the differences between the diffraction patterns
at a given pressure, where neutron diffraction and XRD are more sensitive to the
B and O atom pair-correlation functions, respectively. The diffraction results show
pressure-induced changes in the B-O bond length (Figure 7(c)) and to the B-O
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Figure 7. The pressure dependence of the (a) neutron and (b) X-ray total structure factors S(Q)
for B,0, glass under cold compression. The dark solid (black) curves give the measured data-sets,
and the solid light (green) curves are from molecular dynamics simulations using an aspherical
ion model (AIM) [27]. The pressure dependence of the mean (c) B-O bond distance 7, and (d)
B-0 coordination number i3, where the results obtained from neutron diffraction (ND) [27], X-ray
diffraction (XRD) [33] and inelastic X-ray scattering (IXS) [34] experiments are compared to those
obtained from molecular dynamics simulations using the AIM [27].

coordination number, where the latter increases from three to four (Figure 7(d)).
The neutron diffraction results tie together the coordination numbers obtained
from previous XRD [33] and inelastic X-ray scattering [34] experiments. In Figure
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7(a)-(d), the experimental results are compared to those obtained from molecular
dynamics simulations made using a newly developed aspherical ion model in
which the size and shape of the oxide anions is allowed to change in response to
their coordination environment [27]. The molecular dynamics results reproduce
the main features in the measured neutron and X-ray S(Q) functions, although
there is discrepancy between the simulated and measured B-O bond distances and
coordination numbers. Nevertheless, the overall results, when supplemented by
those obtained from in situ high-pressure Raman spectroscopy experiments [35],
reveal three densification regimes. At ambient pressure, the network structure of
B,0, is constructed from corner-sharing planar BO, triangular motifs, where the
majority link to make super-structural units in the form of planar B,O, boroxol
rings. Initially, as the pressure is increased from ambient to ~6.3 GPa, these rings
dissolve and there is an attendant change in the intermediate range ordering. As
the pressure is further increased, BO, motifs replace BO, triangles and the disso-
lution of boroxol rings continues until it is completed by 11-14 GPa. Thereafter,
the mean B-O coordination number continues to increase with pressure to give
a predominantly tetrahedral glass, a process that is completed at a pressure in
excess of 22.5 GPa.

4.3. Structure of glassy GeSe, under pressure

For GeSe, glass, conventional X-ray and neutron diffraction experiments yield
almost identical information [4]. This situation arises from the similarity between
the X-ray form factors for Ge and Se, and the similarity between the coherent
neutron scattering lengths for Ge and Se of natural isotopic abundance. Thus, an
incident X-ray or neutron cannot distinguish between the Ge and Se atoms in a
diffraction experiment, and it follows that S, (Q) = S (Q) = Syn(Q)where S, (Q)
denotes the Bhatia—Thornton partial structure factor. It has proved possible, how-
ever, to gain site-specific structural information on GeSe, glass at pressures up to
8.2 GPa using the method of in situ high-pressure neutron diffraction with isotope
substitution [28], where the diffraction experiments followed the methodology
developed in Ref. [36]. The structure of GeSe, glass was also investigated by con-
ventional neutron diffraction at pressures up to 16.1 GPa [28].

Figure 8(a) and (b) show the measured difference functions AF_ (Q) and
AF,(Q) for GeSe, glass, which involve only the Ge or Se atom partial structure
factors, respectively. The contrast between these measured difference functions is
reproduced by first principles molecular dynamics simulations [28]. At ambient
pressure, the network structure of glassy GeSe, is made from both corner-sharing
and edge-sharing Ge-centred tetrahedra (Figure 8(c)), where the latter promote
fragile glass-forming behaviour in the associated liquid [37], and the chemical
ordering is broken by the appearance of homopolar (like-atom) bonds [38]. This
situation is in contrast to oxide glasses such as SiO, and GeO, where the ambient
pressure networks are built solely from corner-sharing Si-centred or Ge-centred
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Figure 8. The pressure dependence of the difference functions (a) AF.,(Q) and (b) AF.(Q) for
GeSe, glass, as measured using the method of neutron diffraction with isotope substitution (dark
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the cut-off distance r_, corresponds to the minimum after the first peak in the Ge-Se partial pair-
distribution function.
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tetrahedra and chemical ordering is maintained. In GeSe,, the edge-sharing
tetrahedra persist as important structural motifs as the pressure is increased
to ~8.5 GPa, and there is little change in the overall mean coordination num-
ber of the chemical species. At higher pressures, the first principles molecular
dynamics results find a mediating role for homopolar bonds in the appearance
of higher coordinated Ge and Se atoms, where a typical configuration involving
a 5-fold coordination Ge atom is shown in Figure 8(d). This stability under load
of edge-sharing conformations, and the importance of homopolar bonds in the
production of higher coordinated polyhedra, are likely to be generic features in
the densification processes for many chalcogenide glasses.

5. Liquids at high pressures and high temperatures

Diffraction experiments on the structure of liquid and glassy materials at both
high-pressures and high-temperatures present many challenges. In order to
achieve pressures in the GPa regime, a small sample needs to be contained within
the anvils of a high-pressure press, and it is not therefore possible to use con-
tainer-less methods in order to achieve high-temperatures. The methodology for
high-pressure and high-temperature neutron diffraction experiments on liquid
and glassy materials has not been fully developed. It is possible, however, to use
XRD with a variety of high-pressure apparatus. For example, a Paris—-Edinburgh
press can be used in which a resistive heater is contained within the anvils of the
press [39] and the background signal is reduced using either stationary collimators
in an energy-dispersive set-up [39-42] or an oscillating radial collimator in an
angular dispersive set-up [43,44]. Multi-anvil presses have been used extensively to
investigate the structure of liquids including metals and semiconductors [45-50].
Itis also possible to use a diamond anvil cell and laser heating [51,52]. The Q-range
accessible in high-pressure and high-temperature diffraction experiments is usu-
ally limited, which leads via Equation (2) to a loss in resolution of features in the
G(r) functions that are obtained by Fourier transformation.

5.1. Role of the oxygen packing fraction in the structural transformations of
disordered oxide materials

Oxide liquids under geophysical conditions have been the focus of several recent
investigations [39-42,45,51,52]. Here, changes in the structure of a melt can affect
its transport properties and other physical characteristics such as the compressi-
bility. For example, in silicate melts the rate-of-change of viscosity with pressure
changes sign at a pressure for which tetrahedral SiO, units are maximally packed
[53]. For disordered oxide materials, it has been discovered that the oxygen pack-
ing fraction plays an important role in determining when changes in network
structures will occur (Figure 9) [54]. For instance, in a wide variety of silicate mate-
rials the SiO, tetrahedra begin to transform into higher coordinated polyhedra
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Figure 9. The dependence of the mean A-O coordination number 7iS for network forming motifs
(A =B, Sior Ge) on the oxygen packing fraction n, for glassy B,0,, SiO,, GeO, and (Mg0),,(Si0,) 5
under cold compression at pressures up to 100 GPa, for liquid CaSiO, at a temperature of 2130 K
and pressure of 6 GPa, and for molten basalt (an aluminosilicate) under deep mantle conditions,
i.e. at temperatures in the range 2273-3273 K and pressures up to 60 GPa [25,54].

when the oxygen packing fraction #, ~0.58, which sits within the range of values
found for a random loose packing of hard spheres, and the transformation to SiO,
octahedra is completed by 7, ~0.64, which corresponds to the value found for a
random close packing of hard spheres [54]. The position of the FSDP in disordered
oxide materials is sensitive to 7, and can be used as a marker for when structural
transformations are likely to occur [55].

The sensitivity of 7, to structural change most likely originates from an abil-
ity of the O* ion to change its size and shape in response to the coordination
environment in which it is confined. For example, in molecular dynamics simu-
lations of the structure of B,O, under compression it is necessary to incorporate
both of these features into an ionic interaction model [27], and in the limit when
the potential confining an O? ion is removed, the isolated ion becomes unstable
(56,57].

6. Perspective

We have reviewed recent X-ray and neutron diftraction work on the structure of
oxide and chalcogenide liquid and glassy materials under extreme conditions.
The results highlight the quality of the experimental information that can now
be obtained, which has been made possible by advances in the instrumentation
at X-ray synchrotron and neutron sources along with improved measurement
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protocols. The work also illustrates how a combination of experiment and simu-
lation can be used in order to understand the structure of disordered materials at
both the atomistic and electronic levels. This trend is set to continue, and there is
much to look forward to as the experimental methodology is improved to access
wider pressure and temperature ranges, thus enabling the structure and properties
of materials to be explored under a broader variety of state conditions.

Other quantum-beam diffraction-based techniques can be used to uncover
the hidden structure of liquids and glasses, although it is not easy to adopt them
for the investigation of these materials under extreme conditions. In the case
of electron beams, fluctuation microscopy [58] has recently been used to study
continuous random network versus inhomogeneous para-crystalline models for
the medium range order in amorphous Si [59], and angstrom beam electron
diffraction (ABED) has been developed to probe the local atomic configurations
and their assemblies in metallic glasses [60,61]. A combination of ABED and
high-energy XRD has proved to be a powerful tool for investigating the atom-
ic-scale disproportionation of amorphous silicon monoxide into silicon-like and
silicon-dioxide-like regions, and their interface [62]. The development of coherent
X-ray beams at next generation synchrotron radiation sources presents an impor-
tant opportunity for the investigation of disordered materials. Wocher et al. [63]
used low-energy coherent X-rays to investigate a colloidal glass of polymethyl
methacrylate (PMMA) spheres of radius 117 nm and, by avoiding configurational
and temporal averaging, hidden local symmetries were revealed by applying a
cross-correlation analysis. The theory of X-ray cross-correlation analysis for inves-
tigating the local symmetries in disordered systems is given by Altarelli et al. [64].
Along these lines, it is desirable to promote the development of high-efficiency 2D
detectors with sufficient energy discrimination to enable the use of high-energy
coherent X-ray scattering methods for exploring the atomic-scale structure of
disordered materials.
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