
Chapter 4 
X-Ray and Neutron Pair Distribution 
Function Analysis 

Yohei Onodera, Tomoko Sato, and Shinji Kohara 

Abstract Pair distribution function (PDF) obtained by X-ray diffraction (XRD) and 
neutron diffraction (ND) measurements enables us to probe the structure of disor-
dered materials, which has no long-range order and periodicity. This chapter provides 
an introduction to PDF analysis using XRD and ND techniques. A brief outline of the 
theory of diffraction for disordered materials is given with a focus on the use of various 
real-space functions. The structures of single-component disordered materials are 
introduced to understand the origins of characteristic diffraction peaks, i.e., the first 
sharp diffraction peak (FSDP) and the principal peak (PP), observed in broad halo 
patterns. Furthermore, the instrumentation of synchrotron X-rays and neutrons for 
PDF analysis with associated results for the structural studies of disordered materials 
under high temperature and high pressure are reviewed. 
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4.1 Introduction 

The complementary use of different quantum beam diffraction (X-ray diffraction 
(XRD) and neutron diffraction (ND)) measurements, such as synchrotron X-ray, 
neutron, and electron diffraction measurements, is quite useful in investigating the 
atomistic structure of functional materials. In the case of crystalline materials, their 
crystal structure can be determined on the basis of crystallography, which focuses on 
the symmetry and periodicity of the atomic arrangement in crystalline materials, with 
the aid of diffraction measurements. On the other hand, the structure of disordered 
materials, e.g., liquid, glassy, and amorphous solids, has no distinct translational 
symmetry and periodicity, and therefore cannot be analyzed on the basis of crys-
tallography. Therefore, the measurement of pair distribution function (PDF) using 
different quantum beam diffraction techniques is a canonical approach to probing 
atomic arrangements in disordered materials. The PDF expresses the probability of 
finding atomic pairs separated by a certain distance, which provides us with the 
real-space information on the structure of disordered materials. Furthermore, PDF 
analysis has recently been used to examine the local structural disorder in crystalline 
materials. In this chapter, a brief introduction to PDF analysis using XRD and ND is 
given. First, the basic theory of diffraction experiments is described. Next, the struc-
tures of single-component oxide glasses, such as silica (SiO2) glass are reviewed 
to understand the origins of diffraction peaks in broad halo patterns. Moreover, the 
structure and diffraction data of oxide liquids and glasses under high temperatures 
and high pressures are introduced. 

4.2 Diffraction Theory 

In PDF analysis, diffraction patterns can be considered as a function of Q, which 
gives the magnitude of the scattering vector given by 

Q = 
4π sin θ 

λ 
, (4.1) 

where 2θ is the scattering angle and λ is the incident wavelength of X-rays or neutrons. 
The scattering intensity of materials containing n chemical species is normalized to 
give the total structure factor, S(Q) [1, 2], 

S(Q) = 1 + 1 

|⟨W (Q)⟩|2 
n∑

α=1 

n∑

β=1 

cαcβ w
∗ 
α(Q)wβ (Q)

[
Sαβ (Q) − 1

]
, (4.2) 

where cα is the atomic fraction of chemical species α and wα(Q) is either  a  Q-
independent coherent scattering length in ND or Q-dependent atomic scattering 
(form) factor with dispersion terms in XRD. Sαβ(Q) is a partial structure factor
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and

⟨W (Q)⟩ =
∑

α 
cαwα(Q). (4.3) 

Since X-rays are scattered by electron clouds in atoms, the X-ray atomic form 
factor depends on the atomic number. On the other hand, neutrons are scattered 
by their interactions with atomic nuclei, and the neutron coherent scattering length 
varies independent of the atomic number. In other words, X-rays are sensitive to heavy 
elements whereas neutrons are sensitive to light elements. Therefore, the comple-
mentary use of XRD and ND is robust for revealing the atomic arrangements in 
materials containing several chemical species. 

The corresponding structural information in real space is contained in the PDF 
g(r) obtained by a Fourier transform of S(Q), 

g(r ) = 1 + 1 

2π 2rρ 

Qmax∫

Qmin 

Q(S(Q) − 1)sin(Qr )M(Q)dQ, (4.4) 

where r is the interatomic distance, ρ is the atomic number density in Å–3, and M(Q) 
is the Lorch [3] modification function, M(Q) = sin(πQ/Qmax)/(πQ/Qmax) for  Q <
Qmax, and M(Q) = 0 for  Q > Qmax where Qmax is the maximum value of Q. To obtain 
structural information with a sufficient real-space resolution, it is indispensable to 
obtain S(Q) up to the high-Q region because a high real-space resolution is achieved 
by a Fourier transform of S(Q) with a large Qmax [4]. The structure of a material 
containing n chemical species is given by n(n + 1)/2 of these partial PDFs. 

The reduced PDF G(r) is derived from a Fourier transform of S(Q) as follows. 

G(r ) = 
2 

π 

Qmax∫

Qmin 

Q(S(Q) − 1)sin(Qr )M(Q)dQ. (4.5) 

The PDF g(r) is derived from the following equation. 

g(r ) = 
G(r ) 
4πrρ 

+ 1. (4.6) 

The total correlation function T (r) and the radial distribution function RDF(r) are  
obtained from the following equations: 

T (r ) = G(r) + 4πrρ = 4πrρg(r), (4.7) 

RDF(r ) = rG(r ) + 4πr2 ρ = 4πr2 ρg(r ) = rT  (r ). (4.8)
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The coordination number of type β atoms around a type α atom, Nαβ , which is 
the number of atoms of type β between r1 and r2 (r1 < r2) from an atom of type α, 
is calculated from the partial radial distribution functions RDFαβ(r) as  

Nαβ = 
r2∫

r1 

RDFαβ (r)dr = 
r2∫

r1 

4πr2 cβ ρgαβ (r)dr. (4.9) 

Therefore, it is possible to obtain the coordination number when individual peaks, 
which arise from one partial radial distribution function, are assigned and extracted 
from RDF(r). T (r) is commonly used to analyze the atomic arrangement in oxide 
glasses. The reason for choosing T (r), which scales as r, rather than other functions 
such as g(r), which scales as a constant, and RDF(r), which scales as r2, is that it 
is broadened by thermal vibration [5]. Thus, T (r) is more suitable for peak fitting 
than g(r) [6]. By using the real-space functions mentioned above, we can obtain 
interatomic distances and coordination numbers of materials. 

4.3 PDF Diffractometers at Advanced Quantum Beam 
Facilities 

The advanced instrumentations at neutron and synchrotron facilities provide diffrac-
tion data in a wide Q range, which is achieved by using short-wavelength (high-
energy) neutrons and X-rays, thereby providing diffraction data in a wide Q range [4]. 
High-energy X-ray PDF diffractometers are available at several synchrotron facili-
ties, e.g., BL04B2 and BL08W at SPring-8, Japan [7], I15-1 at Diamond Light Source, 
UK [8], and 11-ID-C at the Advanced Photon Source, USA [9]. In the case of neuron 
diffractometers, D4 at the Institut Laue–Langevin, France [10], NOMAD at Spalla-
tion Neutron Source, USA [11], GEM and NIMROD at ISIS Neutron Source, UK 
[12], and NOVA at J-PARC, Japan [13] are available for PDF analysis of disordered 
materials. 

4.4 GeO2 Crystal and Glass 

Figure 4.1a shows the X-ray S(Q) of a GeO2 crystal and glass [14] obtained by 
synchrotron XRD measurements. Germanium dioxide (GeO2) is a prototypical glass-
forming material and shares the same local structural motif as its crystalline coun-
terpart. The germanium–oxygen coordination number is 4, suggesting that a tetra-
hedral corner-sharing network is formed. Although the S(Q) of the  GeO2 crystal 
shows Bragg peaks that reflect its long-range periodicity, the S(Q) of the  GeO2 glass 
shows a broad halo pattern owing to the lack of periodicity. The T (r) are shown in
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Fig. 4.1 a X-ray total structure factors S(Q) and  b total correlation functions T (r) of GeO2 crystal 
and glass 

Fig. 4.1b. In T (r) data of both the GeO2 crystal and glass, Ge–O correlation peak is 
clearly observed at 1.74 Å since the GeO4 tetrahedron is the shared structural motif in 
crystalline and glassy GeO2. On the other hand, the Ge–Ge correlation peak, which 
corresponds to the distance between centers of corner-sharing GeO4 tetrahedra, is 
observed at ~3.2 Å and is obviously diminished in the T (r) for  GeO2 glass, indicating 
that the structure of GeO2 glass is disordered in a length scale larger than the first 
cation–cation correlation length. Moreover, it is difficult to assign a peak beyond 4 Å 
in T (r) to an atomic pair correlation for GeO2 glass. To investigate the length scale 
beyond the nearest-neighbor correlation length, “intermediate-range order,” structure 
modeling is an effective tool (see Chap. 10 for more information). 

4.5 SiO2 Glass 

Silicon dioxide (SiO2) is classified into a glass-forming material along with GeO2, 
and it has a network structure in which the interconnections of SiO4 tetrahedral 
motifs form a network by the corner sharing of oxygen atoms. Figure 4.2a shows  
the X-ray [7] and neutron [15] structure factors S(Q) for SiO2 glass. The first sharp 
diffraction peak (FSDP) [16, 17] appears at Q ~ 1.5  Å–1 in both X-ray and neutron 
S(Q)s, whereas the principal peak (PP) appears at Q ~ 3 Å–1 in only the neutron S(Q) 
because the PP is correlated with the packing of oxygen atoms in oxide glasses [18]. 
By using Eq. (4.2), we calculate the weighting factors in the X-ray and neutron S(Q) 
for SiO2 glass as follows: 

X-rayS(Q) = 0.218SSi−Si(Q) + 0.498SSi−O(Q) + 0.284SO−O(Q), (4.10)
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NeutronS(Q) = 0.069SSi−Si(Q) + 0.388SSi−O(Q) + 0.543SO−O(Q), (4.11) 

where the Q-dependent atomic form factors are approximated using atomic numbers. 
As can be seen in the weighting factors calculated above, the weighting factor of the 
O–O correlation is large in the neutron S(Q) compared with that in the X-ray S(Q). 
Indeed, the X-ray- and neutron-weighted partial structure factors Sαβ(Q) obtained 
by a combination of classical molecular dynamics (MD) simulation and reverse 
Monte Carlo (RMC) [19, 20] modeling indicate that the FSDP is observed owing 
to the positive contributions of SSi–Si(Q), SSi–O(Q), and SO–O(Q) in both the X-ray 
and neutron S(Q)s, whereas the positive Si–Si and O–O PPs are canceled out by the 
negative Si–O PP of the X-ray S(Q) [19, 20]. Therefore, PP is visible in only ND 
data for oxide glasses, because the oxygen–oxygen correlation is dominant owing 
to its large weighting factor for ND. The FSDP was first discussed by Wright and 
Leadbetter in 1976 [21], although it seems that the term “FSDP” was first used 
by Phillips in 1981 [22]. It is common knowledge that the FSDP of SiO2 glass is 
associated with the continuous random network model proposed by Zachariasen 
[23], and the origin of the FSDP of SiO2 glass has long been discussed [22, 24]. 
Onodera et al. have reported in 2019 that the FSDP in SiO2 glass originates from 
the arrangement of tetrahedral SiO4 motifs with the periodicity of 4 Å given by 
2π/QFSDP, where QFSDP is the position of the FSDP, with a coherence length of 10 
Å given by 2π/ΔQFSDP (ΔQFSDP is the full width at half-maximum of the FSDP) 
[19]. The T (r) of SiO2 glass is shown in Fig. 4.2b. In T (r) data of both the X-ray 
and neutron, the Si–O correlation peak is clearly observed at 1.62 Å and the Si–O 
coordination number is 4.0 ± 0.1. The O–O and Si–Si correlation peaks are observed 
at 2.63 and 3.08 Å, respectively. It is notable that a prominent O–O correlation peak 
is observed in neutron T (r), whereas a clearer Si–Si correlation peak is observed in 
X-ray T (r). This is because of the difference between the weighting factors in XRD 
and ND data as shown in Eqs. (4.10) and (4.11), suggesting that the complementary 
use of X-ray and neutron enables us to analyze the glass structure more precisely.

4.6 Other Single-Component Disordered Materials 

Figure 4.3 shows total structure factors S(Q) of glassy  (g)-Cu50Zr50 [19], amorphous 
(a)-Si [25], g-ZnCl2 [26], g-GeSe2 [27], g-GeS2 [28], g-GeO2 [29], g-SiO2 [15], 
liquid (l)-CCl4 [30], and l-P [31]. Note that Q is scaled by the nearest-neighbor 
distance d appearing in the T (r) to eliminate the atomic size differences. The average 
metal–metal coordination number in g-Cu50Zr50 is approximately 12 and the local 
structural unit of g-Cu50Zr50 can be regarded as an icosahedron. The structural unit 
of other materials is a regular tetrahedron, although a-Si and all g-AX2 materials 
have a network structure, whereas the two molecular liquids in which CCl4 and P4 
tetrahedra are isolated do not form a network structure. In Fig. 4.3, three peaks, Q1 

(FSDP), Q2 (PP), and Q3, can be observed in the S(Q) for all materials except for a-Si
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Fig. 4.2 a X-ray and neutron total structure factors S(Q) and  b total correlation functions T (r) of  
SiO2 glass

and g-Cu50Zr50, whereas the split of PP is observed in the S(Q) for molecular liquids. 
Both g-ZnCl2 [26] and g-GeSe2 [27] have a small fraction of edge-sharing tetrahedra 
as well as corner-sharing ones. However, the three (Q1, Q2, Q3)-peak structure seems 
to arise from mostly corner-sharing tetrahedra because the ratio of edge-sharing to 
corner-sharing tatrahedra is very small [26, 27]. The FSDP of g-GeO2 observed at 
a larger Qd value stems from the structure with the higher packing of atoms in g-
GeO2 [32, 33]. Although the FSDP is observed in oxide glasses with a corner-sharing 
polyhedral network, it also appears in the S(Q) of  l-CCl4 [30], l-P [31] (Fig. 4.3), 
and l-KPb [34–36] and other molecular liquids [37]. Thus, it is suggested that the 
FSDP is not a signature of a network formation. A prominent FSDP has appeared 
in the diffraction patterns of other network-forming materials, such as g-B2O3 [38] 
and g-As2O3 [39], but not in a-Si and a-Se [40]. Therefore, it can be concluded that 
the FSDP is a signature of a sparse distribution of planes in polyhedra, because the 
FSDPs of g-SiO2 [41, 42] and l-P [31] diminish with the reduction of cavity volumes 
associated with the increase in pressure.

The origin of the PP is obvious in oxide glasses because the PP is correlated with 
the packing of oxygen atoms (at the corner of polyhedral units) [18]. For instance, 
the PP of the neutron S(Q) of  g-SiO2 becomes sharper under high pressure [42]. On 
the other hand, the PP of the neutron S(Q) of  l-CCl4 shown in Fig. 4.3 is split, which 
indicates the presence of intermolecular orientational correlations of CCl4 tetrahedral 
motifs [37, 43, 44]. The orientational correlations appear in l-P and presumably in 
g-As2O3 [39] because their S(Q) shows a split PP. Therefore, it seems that the PP 
reflects inter-polyhedral correlations observed in a small-length scale compared with 
FSDP in disordered materials. It is notable that the transition from a low-density
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Fig. 4.3 Total structure 
factors S(Q) of  g-Cu50Zr50 
[19], a-Si [25], g-ZnCl2 [26], 
g-GeSe2 [27], g-GeS2 [28], 
g-GeO2 [29], g-SiO2 [15], 
l-CCl4 [30], and l-P [31]. 
Scaling to the magnitude of 
scattering vector Q is applied 
by multiplying Q by d (first 
interatomic distance 
observed in total correlation 
functions). In the case of l-P, 
d is calculated on the basis 
of the side length of a P4 
tetrahedron

molecular liquid to a high-density network in l-P under extreme conditions leads 
to the diminishment of FSDP. On the other hand, a remarkable FSDP appears in 
the X-ray S(Q) of the low-density molecular l-P (Fig. 4.3). This result implies that 
the FSDP also appears in the arrangement of tetrahedra without the central atom, 
because the S(Q) of molecular l-P shows the remarkable FSDP even though a P4 
tetrahedron does not contain a central atom as shown in Fig. 4.3. Only  Q3 is found 
in X-ray S(Q) of  g-Cu50Zr50, which has a dense random packing (DRP) structure 
[45–47]. Therefore, the local structure of g-Cu50Zr50 is markedly different from a 
tetrahedral structure owing to the absence of a strong chemical bond, indicating that 
the PP is a signature of the formation of a chemical bond because g-Cu50Zr50 has no 
strong chemical bond owing to its DRP structure. 

Kohara et al. have compared the atomic structure of liquid and solidified (crys-
talline and amorphous) Si with those of SiO2 [48]. Although the short-range structural 
unit is a regular tetrahedron in a-Si and g-SiO2, the chemical contrast (Si is fourfold 
and O is twofold) in the SiO4 unit in g-SiO2 is not found in the SiSi4 unit because 
the number of all atoms is fourfold in a-Si. Figure 4.4a shows the X-ray S(Q) of
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a-Si [25] together with that of l-Si (1770 K) [19]. In the X-ray S(Q) of  a-Si, promi-
nent Q2 (PP) and Q3 are observed at QrA–X ~ 5 and 8.5, respectively, although no 
Q1 (FSDP) is observed. However, the S(Q) of  l-Si is markedly different from that 
of a-Si, as shown in Fig. 4.4a. This is because of the large difference in the Si–Si 
coordination number NSi–Si, 3.9 in amorphous solid [25] versus 5.7 in liquid [19], 
associated with the remarkable increase in density from 2.30 g/cm3 in amorphous 
solid to 2.57 g/cm3 in liquid. Figure 4.4b shows  the X-ray  [7] and neutron [15] S(Q) 
of g-SiO2 together with the X-ray S(Q) of  l-SiO2 (2019 K) [49]. Note that the X-ray 
S(Q) of  l-SiO2 is comparable to that of g-SiO2. A sharp FSDP is observed in both 
the S(Q)s of l/g-SiO2, indicating that strong Si–O covalent bonds are maintained 
even in l-SiO2. These behaviors are consistent with the small differences in the Si–O 
coordination number NSi–O (4.0 in glass and 3.9 in liquid) and density (2.20 g/cm3 in 
glass and 2.10 g/cm3 in liquid) between glass and liquid. Furthermore, Kohara et al. 
revealed the difference between a-Si and g-SiO2 in terms of the network topology 
revealed by quantum beam diffraction measurements, structure modeling based on 
diffraction data, and a series of topological analyses. They showed that the narrower 
ring size distribution and the smaller cavity volume ratio in a-Si than in g-SiO2 is a 
signature of an extremely poor amorphous-forming ability of a-Si [48]. Moreover, 
they concluded that the chemical contrast in the corner-sharing tetrahedral network 
in AX2 (A, fourfold cation; X, twofold anion) is crucial for good amorphous-forming 
ability [48].

4.7 Al2O3 Glass (Single-Component Intermediate Oxide 
Glass) 

The basic concept for the formation of glass is the tetrahedral motif with corner-
sharing oxygen atoms proposed by Zachariasen in 1932. In Zachariasen’s rule, the 
coordination number of oxygen atoms (n) around a cation (A) is limited to 3–4 
and AOn polyhedra form a corner-sharing network [23]. Fifteen years after Zachari-
asen’s proposal, Sun reported the classification of single-component oxides into glass 
formers, glass modifiers, and intermediates [50] (The details of the classification 
proposed by Sun are discussed in Chap. 15). Alumina (Al2O3) is classified into an 
intermediate. Al2O3 acts as a glass former and a glass modifier in binary oxide glasses, 
although Al2O3 cannot sorely form glass via a melt-quenching approach. Hashimoto 
et al. reported that electrochemically synthesized amorphous Al2O3 shows a glass 
transition, demonstrating that Al2O3 is a glass (g-Al2O3) [51]. The density of g-
Al2O3 measured using a gas pycnometer is 3.05 g/cm3, which is smaller than those 
for crystalline Al2O3 (α-Al2O3, 4.00 g/cm3; γ-Al2O3, 3.59 g/cm3) and slightly larger 
than that for l-Al2O3 (2.92 g/cm3) [52]. Figure 4.5 shows the X-ray and neutron total 
structure factors S(Q) of  g-Al2O3, g-SiO2 [7, 15], and l-Al2O3 (2400 K) [52]. The 
FSDP, which originates from a sparse distribution of planes in polyhedra, is clearly 
observed at Q = 1.52 Å–1 in the S(Q) of  g-SiO2, whereas the FSDP observed at
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Fig. 4.4 a X-ray total 
structure factors S(Q) of  a-Si 
[25] and  l-Si (1770 K) [19]. 
b X-ray total structure 
factors S(Q) of  g-SiO2 [7] 
and l-SiO2 (2019 K) [49], 
together with neutron S(Q) 
[15] of  g-SiO2. Scaling to the 
magnitude of scattering 
vector Q is applied by 
multiplying Q by rA–X (first 
interatomic distance 
observed in total correlation 
functions). Taken from Ref. 
[48]

Q ~ 2 Å–1 is not sharp in the S(Q) of  g-Al2O3, suggesting that the absence of the 
corner-sharing polyhedral motif with a large cavity volume, which is a signature in 
typical glass formers. The neutron S(Q) of  g-Al2O3 shows an extraordinarily sharp PP, 
whereas the X-ray S(Q) of  g-Al2O3 shows no PP owing to the small O–O weighting 
factor. Since PP is an indicator of the packing of oxygen atoms, the extraordinarily 
sharp PP in the neutron S(Q) indicates that a structure with densely packed oxygen 
atoms is formed in g-Al2O3. The neutron S(Q) of  l-Al2O3 is broader than that of 
g-Al2O3 especially in the PP, whereas the X-ray S(Q) of  l-Al2O3 and g-Al2O3 are 
more identical, indicating that oxygen-related structure is different between l-Al2O3 

and g-Al2O3.
Figure 4.6 shows the X-ray and neutron total correlation functions T (r) of  g-Al2O3 

[51], l-Al2O3 [52], and g-SiO2 [7, 15]. The first peak of the T (r) of  g-Al2O3 observed 
at 1.81 Å is assigned to the Al–O correlations. The second peak observed at 2.8 Å 
in the neutron T (r) and that observed at 3.2 Å in X-ray T (r) are assigned to O–O 
and Al–Al correlations, respectively. The Al–O atomic distance in g-Al2O3 is longer 
than the Si–O atomic distance in g-SiO2. In addition, the Al–O correlation peak 
shows an asymmetric shape with a tail of ~2.4 Å. These results suggest that distorted 
AlOn polyhedra are formed with an Al–O coordination number NAl–O greater than 
4. Indeed, the NAl–O is found to be 4.6 ± 0.2, which is identical to the results of
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Fig. 4.5 a X-ray and b neutron total structure factors S(Q) of  g-Al2O3 (2400 K) [51], l-Al2O3 [52], 
and g-SiO2 [7, 15]

NMR measurements (NAl–O = 4.73) and higher than 4.4 in l-Al2O3 (2400 K) [52]. 
Such a high cation–oxygen coordination number, which is frequently observed in 
high-temperature nonglass-forming oxide liquids [53, 54], can hardly be observed 
in the typical glass formers and glass-forming liquids. 

Hashimoto et al. also performed MD-RMC modeling to reveal the structure of 
g-Al2O3. The MD-RMC model suggests that OAl3 triclusters are formed by the edge-
sharing AlOn polyhedra (n = 4–6). In addition, they reported that the edge-sharing

5 

0 
876543210 

10 

5 

0 

10 

5 

0 

5 

0 
876543210 

Al O Al Al 

Si O 
O O 

Si Si 

Al O 
O O 

Si O 

O O 

O O5 

0 
876543210 

g-Al2O3 
l-Al2O3 

10 

5 

0 

g-SiO2 
g-Al2O3 

10 

5 

0 

g-SiO2 
g-Al2O3 

5 

0 
876543210 

g-Al2O3 
l-Al2O3 

r (Å) 

Al O Al Al 

Si O 
O O 

Si Si 

r (Å) 

Al O 
O O 

Si O 

O O 

O O 

T
(r
) 

T
(r
) 

(a) (b) 

Si Si 

Fig. 4.6 a X-ray and b neutron total correlation functions T (r) of  g-Al2O3 [51], l-Al2O3 (2400 K) 
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AlOn polyhedra forms a lattice-like structure with an O–O distance of ~2.3–2.7 Å. 
This distance is nearly identical to the periodicity of ~2.3 Å calculated from the 
peak position of the PP observed in the neutron S(Q) of  g-Al2O3. Therefore, they 
concluded that the formation of large amounts of AlO5 and AlO6 polyhedra, which is 
outside of Zachariasen’s conventional glass-forming concept, might be the origin of 
the extraordinarily sharp PP in the neutron S(Q) of  g-Al2O3. The electrochemically 
synthesized g-Al2O3, which is the first successfully synthesized single-component 
intermediate glass, has many features, such as the densely oxygen-packed struc-
ture with a large fraction of edge-sharing polyhedra, that is completely outside of 
the conventional glass-forming concept [51]. Controlling the formation of a unique 
structure will provide glass with novel characteristics, e.g., hardness, crack resis-
tance, and permittivity. Therefore, the fabrication of intermediate oxide glasses via 
an electrochemical approach is a useful tool for creating new glass materials. 

4.8 Diffraction Measurements Under High Temperature 

Understanding the structure of high-temperature liquids provides us with useful infor-
mation for understanding the nature of glass transition. However, the clarification 
of atomic arrangements in high-temperature liquid is a challenging scientific task, 
because chemical reactions of liquids with sample containers are very difficult to 
avoid. Moreover, the Bragg peaks from a crystalline container disturb the measure-
ment of high-quality diffraction data from liquids. To overcome these problems, 
several containerless levitation techniques have been developed [55]. The details 
of various levitation techniques are described in Chap. 7. Levitation techniques 
also enable the access of deep undercooled liquids and enhance glass formation 
because heterogeneous nucleation is avoided (glass preparations using a levitation 
technique are discussed in Chap. 15). The structure of a typical nonglass-forming 
liquid, l-Al2O3, has been investigated by XRD, ND, and MD simulations [52, 55–61]. 
Furthermore, structures of UO2 [62] and the UO2–ZrO2 system [63], the common 
nuclear fuel component of a reactor, have been studied. The structures of ZrO2 [53, 
64, 65], HfO2 [65], and Lanthanide oxides [54, 64] have been studied to clarify the 
physicochemical properties of high-temperature liquids. In this chapter, the dedicated 
high-energy X-ray diffractometer for diffraction measurements on levitated liquids 
is described. In addition, representative structural studies of high-temperature oxide 
liquids by a combination of levitation techniques and diffraction measurements are 
introduced. 

The dedicated PDF diffractometer for liquid, glassy, and amorphous materials is 
developed at the high-energy XRD beamline BL04B2 of SPring-8. The details of 
the diffractometer are described in Refs. [7, 66]. The diffractometer has four CdTe 
detectors (low-scattering-angle regions) and three Ge detectors (high-scattering-
angle regions, see Fig. 4.7a). The experimental setup for the XRD measurements 
on levitated liquids at the BL04B2 beamline with an aerodynamic levitator [4, 67] 
is shown in Fig. 4.7b. A sample of 2 mm diameter is levitated by dry air and heated
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Fig. 4.7 a Dedicated high-energy X-ray PDF diffractometer installed at the BL04B2 of SPring-8. 
b Aerodynamic levitator [4] installed on the PDF diffractometer. Reproduced from Ref. [66] (CC  
BY 4.0) 

by a CO2 laser. The temperature of the levitated sample is measured by a pyrometer. 
Note that the use of a levitation technique eliminates the Bragg peaks originating 
from a crystalline container, realizing the measurements of high-quality diffraction 
data at high temperatures. 

In addition to the basic concept of glass-forming materials proposed by Zachari-
asen [23] and Sun [50], Angell [68] proposed the concept of “fragility” in glass-
forming liquids. He interpreted the behavior of strong and fragile liquids on the basis 
of topological differences. SiO2, GeO2, and B2O3 are classified into typical strong 
liquids. They have a covalently bonded cation–oxygen network, and their viscosities 
obey the Arrhenius law. In contrast, chalcogenide and iron phosphates are regarded as 
typical fragile liquids. Their networks are almost ionic, and their viscosities markedly 
deviate from the Arrhenius behavior. Determining the structure of oxide liquids under 
high temperatures is crucial for clarifying the fragility of liquids. 

Er2O3, a representative nonglass former, has an exceedingly high melting temper-
ature (Tm) of 2686 K. Koyama et al. reported the results of high-energy XRD and 
density measurements on l-Er2O3 [54]. The density measurements on l-Er2O3 were 
carried out using an electrostatic levitation furnace at the International Space Station 
[69] because the measurement of density data for liquid at extremely high temper-
atures on the ground is impossible (the details of the density measurements are 
introduced in Chap. 2). The X-ray total structure factors S(Q) of  l-Er2O3 (2923 K) 
[54], l-SiO2 (2373 K) [70], l-Al2O3 (2400 K) [52], and l-ZrO2 (3073 K) [53] are  
compared in Fig. 4.8a. Note that scaling to the magnitude of the scattering vector Q
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is applied by multiplying Q by rA–X. A prominent FSDP is found only in the S(Q) 
of l-SiO2 at QrA–X = 2.6, because l-SiO2 is a typical glass-forming liquid. On the 
other hand, a PP appears in the S(Q) of both l-Er2O3 and l-ZrO2 at QrA–X ~ 4.5.  
On the other hand, the S(Q) of  l-Al2O3 shows a very small peak between the posi-
tions of FSDP and PP, indicating that l-Al2O3 possesses an intermediate structure 
[54] between l-SiO2 and l-Er2O3/l-ZrO2. Because the PP is an indicator of oxygen 
packing in ND data due to the large O–O weighting factor for neutrons (see Chap. 2), 
no PP is observed in the X-ray S(Q) of  l-SiO2 and l-Al2O3. On the other hand, the 
origin of the PP in the X-ray S(Q) of  l-Er2O3 and l-ZrO2 is attributed to the packing 
of heavy elements, since X-rays are sensitive to them. Figure 4.8b shows the X-ray 
total correlation functions T (r) of  l-Er2O3 [54], l-SiO2 [70], l-Al2O3 [52], and l-
ZrO2 [53]. The first correlation peak, observed at 2.2 Å in the T (r) of  l-Er2O3, is  
assigned to the Er–O correlation, and a tail of the first peak to ~3 Å suggests that 
the ErOn polyhedral unit is distorted. The second peak observed at 3.7 Å is assigned 
mostly to the Er–Er correlation, which shows the distance between centers of ErOn 

polyhedra. The contribution of O–O correlation is almost inappreciable because of 
its small weighting factor for X-rays. Both the Er–O distance of 2.2 Å and the Zr– 
O distance of 2.1 Å are longer than those of Si–O (~1.63 Å) at 2373 K and Al–O 
(~1.78 Å) at 2400 K owing to substantial differences between the radii of the cations. 
The longer cation–oxygen atomic distance in l-Er2O3 and l-ZrO2 indicates that the 
oxygen coordination number around a cation is greater than 4. This is because the 
Er–O distance (2.2 Å) and Zr–O distance (2.1 Å) are close to the sum of the ionic radii 
(sixfold zirconium, 0.72 Å; sixfold erbium, 0.89 Å; oxygen:1.35 Å) [71]. Therefore, 
the structures of l-Er2O3 and l-ZrO2 comprise the interconnected polyhedral units 
with high cation–oxygen coordination numbers and are very different from those of 
l-SiO2 and l-Al2O3. This behavior of coordination numbers is in line with the absence 
of the FSDP, which appears owing to a sparse distribution of planes in polyhedra in 
typical glass-forming oxide glasses in XRD data (Fig. 4.8a). Indeed, there is no such 
structural ordering manifested by FSDPs in l-Er2O3 and l-ZrO2 owing to their very 
densely packed structure. Koyama et al. also performed a combination of RMC-MD 
simulations and revealed that the structure of l-Er2O3 consists of linearly arranged 
distorted OEr4 tetraclusters, giving rise to a long periodicity, which is the origin of 
the extraordinarily sharp PP in the X-ray S(Q). Moreover, persistent homology [72] 
analysis shows that the homology of l-Er2O3 is similar to that of the crystalline phase 
[73]. Additional density functional (DF)-MD simulations suggest that the viscosity 
of this liquid is very low indicating that l-Er2O3 is an extremely fragile liquid [54].

4.9 X-Ray Diffraction Measurements Under High Pressure 

Diffraction patterns from non-crystalline materials such as glasses and liquids are 
broad because their structural periodicity does not continue over long distances. 
Experimentalists generally need diffraction data with high S/N ratio in order to obtain 
reliable structural information on glasses and liquids. In situ XRD measurements of



4 X-Ray and Neutron Pair Distribution Function Analysis 107

Fig. 4.8 a X-ray total structure factors S(Q) and  b total correlation functions T (r) of  l-SiO2 (2373 K) 
[70], l-Al2O3 (2400 K) [52], l-ZrO2 (3073 K) [53], and l-Er2O3 (2923 K) [54].  Scaling to the  
magnitude of scattering vector Q is applied by multiplying Q by rA–X (first interatomic distance 
observed in total correlation functions). Reproduced from Ref. [54] (CC BY 4.0)

glass under high pressure are different from those at ambient pressure as follows: 
the amount of a sample is limited, the effect of scattering from other materials (e.g., 
anvils, gaskets, and pressure media) is inevitable and significant, and the aperture 
angle, or 2θ, is limited because the measurements must be conducted using pressure-
generating apparatuses. Most of high-pressure in situ XRD measurements of glasses 
and liquids are performed using a diamond anvil cell (DAC) apparatus or a large 
volume press (LVP) in combination with synchrotron X-rays. The methods of XRD 
measurements with these two types of apparatuses are presented below. 

A DAC is a very simple apparatus and mainly consists of two jewel-like-shaped 
diamonds (e.g. brilliant cut, drukker cut), called diamond anvils (Fig. 4.9). Their tips 
are cut off and flattened, and they face each other to compress a sample uniaxially. 
Samples are generally held in a hole drilled in a plate (generally metallic) called 
a gasket. This apparatus is small, easy to handle, and really compatible with XRD 
measurements using synchrotron radiation because the volume of samples becomes 
quite small (10–100 μm size). A DAC can generate pressures up to 400 GPa or 
higher at room temperature. Temperature conditions of several thousand kelvins can 
be realized simultaneously by focusing a near-infrared or infrared laser beam and 
irradiating it through the anvil to the sample. For example, XRD measurements of 
silicate liquids at 60 GPa/3000 K have been reported [74].

Usually, XRD measurements with a DAC are conducted using monochromatic 
X-rays, which are injected from a direction parallel to the compression axis, and 
scattered X-rays are recorded by a two-dimensional detector installed downstream 
(Fig. 4.9a). In this case, the use of single-crystal diamond anvils minimizes diffrac-
tion from the diamonds unless diffraction conditions are not fulfilled, which is very 
convenient, especially in experiments on powder crystalline materials. However, the
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Fig. 4.9 Diamond anvil cell (DAC) apparatus. a Diamond anvils and gaskets. b Various forms of 
DAC apparatus for loading

thickness of the sample along the X-ray path is typically less than 100 μm, whereas 
that of two diamond anvils together are typically 3–4 mm; thus, the Compton scat-
tering from diamond anvils is much stronger than that from the sample. In addition, 
when using high-energy X-rays (e.g. >30 keV), it is impossible to avoid all diffrac-
tion conditions of diamond anvils, and it is often difficult to remove these diffraction 
spots, especially for weak oscillations from non-crystalline materials in the high-Q 
region. The signal from diamond anvils becomes a serious noise mainly in the high-
Q region, especially for non-crystalline materials composed of light elements such 
as silicates. Therefore, it is crucial to remove these noises appropriately to obtain 
reasonable data. In addition, to obtain an accurate pair distribution function g(r), it is 
desirable to obtain a total structure factor S(Q) up to a high-Q region, preferably up 
to about Q = 15 Å–1. In order to maintain the strength of the base seats supporting 
the diamonds (e.g., tungsten carbide is commonly used in room-temperature experi-
ments), an aperture for diffraction is usually set to about 60° (i.e., 2θ = 30°). In this 
case, the 30 keV X-rays, which are commonly used in DAC experiments, will result 
in as low as Q = 7.9 Å–1 at 2θ = 30°. 

To remove Compton scattering from diamonds, the most commonly used method 
is to measure scattering profiles from an empty DAC without a sample before and/or 
after the experiments and subtract them from the sample profiles as background. Even 
then, accurate subtraction is not always easy. A perforated diamond anvil, which is 
an anvil curved along the X-ray path, can also work for reducing diamond Compton 
scattering [75]. For insufficient aperture angle problems, some attempts to overcome 
them have been reported by using monochromatic X-rays with high energy (e.g., 100 
keV) [76] and by developing a high-aperture-type DAC with machining anvils and 
base seats to support loads effectively [77]. Measurements up to high-Q region can 
be also achieved by reducing and subtracting the Compton scattering from diamonds 
with the energy dispersive method [78], which is often used in experiments with 
large presses as described below. However, when using either method, the intensity 
of coherent scatterings rapidly decreases at high Q, and accurate high-pressure in situ 
measurement of S(Q) at above Q = 10 Å–1 is very difficult, especially at pressures 
higher than 100 GPa because the sample becomes very small. Furthermore, it is
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difficult to obtain detailed structural information such as interatomic distances and 
coordination numbers from g(r) alone owing to the overlapping of peaks from many 
elements. Recently, however, attempts have been made to combine measurements in 
a limited Q region with first principles and/or classical molecular dynamics (MD) 
calculations to investigate the details of structural changes [41, 42, 79, 80]. 

Large volume press (LVP) is an apparatus to compress a sample cell assembly 
consisting of a sample, pressure-transmitting medium, sample capsule, and heaters 
to achieve high pressure and high temperature using multiple anvils with a hydraulic 
press. The anvils are mainly made of tungsten carbide. The sample size is on 
millimeter order. LVP has advantages in large-sample synthesis, experiments, and 
precise and stable temperature and pressure control. There are various types of LVP 
apparatus depending on the pressurization method. Mainly two types of LVP are 
used for XRD experiments because it is necessary to secure the path of the inci-
dent and scattered X-rays. One is the DIA type, which is a cubic-anvil apparatus 
that compresses a cubic sample cell with six anvils, and the other is the Kawai-
type multi-anvil apparatus, which pressurizes an octahedral sample cell assembly 
with eight second-stage anvils with one corner of the cube cut off using the DIA 
type as the first-stage anvil (Fig. 4.10). The upper limit of the generated pressure is 
determined by the strength of the anvil. At high temperatures, the generated pres-
sure becomes lower than that at room temperature because the pressure-transmitting 
medium softens. For example, pressures of 27 GPa/3000 K [81] and 44 GPa/2000 K 
[82] with tungsten carbide anvils and over 100 GPa [83] with sintered diamonds 
have been reported. The Paris–Edinburgh (PE)-type LVP, which was developed to 
increase the sample volume for high-pressure neutron scattering experiments has 
also been used for XRD of liquids [84] and glasses [85] (Fig. 4.11). In situ ND 
measurements of glass under high pressure have also been reported [42, 80, 86]. The 
sample is uniaxially compressed by two conical anvils using a compact hydraulic 
press. These conical anvils have a cup in the center to increase the sample size up to 
a few mm. The usual upper limit of pressure attainable with a PE press is less than 10 
GPa. Measurements up to above 100 GPa in sub-mm sizes have also been realized 
by inserting diamond anvils inside the PE press [85].

In XRD measurements using a Kawai-type apparatus, white X-rays are collimated 
to about 10–100 μm by a slit usually composed of tungsten carbide or another slit 
and irradiated to the sample through the gap between the first- and second-stage 
anvils. Scattered X-rays passing through the anvil gap on the other sides are again 
collimated by a narrow slit and detected at multiple diffraction angles with a Ge solid-
state detector held on a goniometer rotating vertically/horizontally. This method is 
called the energy-dispersive XRD and is most commonly used for LVP experiments 
(e.g., Ref. [88]). This technique has the advantage that both incident and scattered 
X-rays are collimated by slits, thereby eliminating scattered X-rays from regions 
other than the sample. The lower limit of X-ray energy is about 30 keV owing to 
absorption by the sample cell and the upper limit is about 60–80 keV, depending 
on the X-ray energy distribution at the beamline. Due to geometrical constraints, 
goniometers often have a range of motion up to 2θ = 20–25°, so ideally, structural 
information up to Q ~ 20 Å–1 would be expected. However, the intensity of coherent
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Fig. 4.10 Example of LVP apparatus. a picture of inner parts of a Kawai-type multianvil apparatus, 
provided by Kawazoe [87]. b Picture of a multianvil press SPPED-Mk. II at SPring-8 BL04B2, 
Japan Synchrotron Radiation Research Institute (JASRI) 

Fig. 4.11 PE type LVP. a WC anvils and gaskets. b Picture of a PE press used at the sector 16-BM-
B beamline, High Pressure Collaborative Access Team (HPCAT) at the Advanced Photon Source, 
Argonne National Laboratory [84], provided by T. Yu

scattering decreases rapidly at high Q and measurements are not actually easy even 
for Q > 15 Å–1. Since a PE press is a uniaxial compression-type apparatus, it can 
realize observations at much wider angles than a multianvil apparatus in the direction 
perpendicular to the compression axis. For example, precise S(Q) up to  Q = 22 Å–1 

at 5.3 GPa and 1873 K for liquid NaAlSi3O8 by energy dispersive XRD in the range 
of 2θ = 3–37° has been reported [84].
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4.10 Diffraction Measurements of Silica and Silicate 
Glasses Under High Pressure 

Structural measurements by XRD and ND of glasses and liquids under high pressures 
are of particular interest from the perspectives of condensed matter physics, mate-
rials science, and Earth and planetary science. In recent years, the idea of “polyamor-
phism”, which means that there are phase transitions in non-crystalline materials as 
well as crystalline materials, has been widely accepted. It is considered that liquids 
and glasses have phases that are thermodynamically stable or metastable but with 
low potential energy and separated by energy barriers. High-pressure synthesized 
glasses sometimes exhibit desirable properties that cannot be obtained at ambient 
pressure, and are of interest from the viewpoint of synthesizing new glass materials. 
From the viewpoint of Earth and planetary science, determination of physical and 
chemical properties of silicate liquids (magmas) or metallic liquids (mainly iron-
based), which now exist or have existed in the interior of the Earth and other planets, 
is necessary for clarifying what is happening or has happened in the planets. In this 
section, some of the works on high-pressure in situ diffraction experiments of silica 
and silicate glass will be presented. 

Silica (SiO2) glass is the most typical glass with a three-dimensional network 
structure with SiO4 tetrahedra as the basic unit at ambient pressure. It is definitely 
one of the most well-studied glasses in the field of high-pressure science. Pressure 
induces significant changes in the short- and intermediate-range structure of SiO2 

glass: the permanent densification at around 10 GPa, the coordination number change 
from SiO4 tetrahedra to SiO6 octahedra at 20–40 GPa, and the change to over sixfold-
coordinated structures occurring at above 100 GPa are noteworthy. The first high-
pressure in situ XRD measurement of SiO2 glass was reported in 1992 [89]. At that 
time, it was difficult to measure S(Q) in a sufficient Q region to obtain an accurate 
g(r). Technical developments in high-pressure and synchrotron techniques have led 
to XRD at high temperatures [90], XRD up to 100 GPa [91], ND up to 18 GPa [42], 
and XRD above 100 GPa [41, 92, 93], revealing details of pressure-induced structural 
changes in SiO2 glass. 

X-ray S(Q) of SiO2 glass measured up to 100 GPa are shown in Fig. 4.12. The  
obvious peak at around 1.6–2.5 Å–1 is the FSDP. As mentioned in Sect. 4.5, the  
FSDP is observed owing to the positive contributions of the Si–Si, Si–O, and O–O 
partial structure factors, and it is considered to reflect the arrangement of voids and/ 
or cages in a SiO4 tetrahedral network, i.e., the intermediate-range structure. The PP 
at around 3 Å–1 is observed only at a high pressure. This peak is not observed by 
XRD but clearly observed by ND at ambient pressure, and is considered to reflect the 
packing of oxygen atoms. With increasing pressure, the PP becomes observable in 
XRD at about 10 GPa and prominent at above 20 GPa. This behavior is understood 
in terms of the Si–Si partial structure factor obtained by MD simulation, in which 
the Si–Si PP increases with increasing pressure [41].

Permanent densification (or densification) [95] is a phenomenon that when glass 
is subjected to a pressure of about 10 GPa and then recovered, the glass becomes
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Fig. 4.12 X-ray total 
structure factors S(Q) of  
SiO2 glass under high 
pressures [91]. The patterns 
at 0.1 MPa are from [94]

denser than before compression. This phenomenon has been reported for silicate, 
aluminosilicate, and borate glasses of various compositions, as well as SiO2 glass. It 
is also reported for bulk metallic glasses and chalcogenide glasses. In the case of SiO2 

glass, density increases of up to 20–25% have been reported [96, 97]. Densification 
is attributed to the contraction of voids in the intermediate-range network structure 
by compression. The simultaneous application of temperature significantly promotes 
densification, resulting in higher densities at lower pressures [89, 98]. FSDP shifts 
toward higher Q by the densification in oxide glasses with various compositions. 
Although PP is sharp and distinct under high pressures, it is not observed in the 
recovered densified glasses, and the profiles of S(Q) at above 8 Å–1 are very similar 
before and after compression [99, 100]. This finding also supports the hypothesis 
that densification is caused by the contraction of the intermediate-range structure 
with little change in the short-range structure. 

A change in the short-range structure occurs at above 20 GPa; the coordination 
number is 5 at 27 GPa and the pattern at this pressure can be explained fairly well by
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mixing the patterns at 20 and 35 GPa. On the other hand, the patterns from 35 to 100 
GPa are very similar, although the overall pattern gradually shifts toward higher Q 
owing to compression (Fig. 4.12). g(r) shows that the Si–O distance increases rapidly 
from 20 to 35 GPa despite compression, and then decreases at above 35 GPa. The 
coordination number of oxygen to silicon increases from 4 to 6 from 20 to 35 GPa 
and remains nearly sixfold-coordinated from 35 GPa to least 100 GPa or higher [91], 
therefore SiO2 glass may be considered to behave as a “sixfold-coordinated phase” in 
this pressure range. At ambient pressure, it is considered that almost 100% of the Si is 
fourfold-coordinated. On the other hand, MD calculations have suggested that only 
about 75% of Si species are sixfold-coordinated and five- and seven-coordinated 
species also exist in a “sixfold-coordinated phase” [41]. At higher pressures, the 
coordination number begins to increase above 100–140 GPa [41, 92, 93]; at 200 
GPa, it is suggested by a combination of XRD measurements and MD calculations 
that the average coordination number becomes 7 with a similar short-range structure 
to pyrite-type silica crystal [41]. 

Silicate glasses also have a network structure based on SiO4 or AlO4 tetrahedra 
at ambient pressure, but their network is modified or disconnected by network-
modifying cations (e.g., Na, Mg, and Ca). The structure of silicate liquids under 
high pressure is particularly important from the geophysical viewpoint, but the 
melting point of silicates is very high (usually >2000 K), and experiments at high 
temperatures are often much more difficult than those at room temperature. The 
high-pressure structure of glasses is expected to resemble those of liquids with the 
same composition, especially in the case of “strong” glass-forming liquids [49]. 
High-pressure in situ XRD measurements have been carried out for geophysically 
important compositions such as MgSiO3 [101], Mg2SiO4 [102], jadeite (NaAlSi2O6) 
[103], basalt (aluminosilicate containing cations such as Mg, Ca, and Fe) [86], as 
well as aluminum-rich compositions such as anorthite (CaAl2Si2O8) and silica-free 
CaAl2O4 [79]. ND measurements have also been reported for MgSiO3 and CaSiO3 

[80] and basalt [86] glasses. Owing to the technical difficulties in obtaining high-Q 
data, the peaks in g(r) become broader, which makes it almost impossible to assign 
various atomic pairs corresponding to each peak. In most cases, diffraction data 
are not sufficient for discussing the detailed structure. This difficulty can be partly 
compensated with the help of MD calculations, but the results of calculations and 
experiments do not always agree well. Future improvements in measurements are 
strongly expected. Note that the description below is not necessarily based on the 
results of experiments but includes many predictions based on MD calculations. 

FSDP is observed for all compositions and located at around 2 Å–1 at ambient pres-
sure, which is higher than that in SiO2 glass, suggesting that the network-modifying 
cations cleave the network and reduce voids. PP is not observed in the XRD patterns 
at ambient pressure for all compositions but begins to be observed at pressures above 
5–10 GPa, and becomes more prominent with increasing pressure. An irreversible 
FSDP shift (densification) has been reported for MgSiO3, CaSiO3, jadeite, and basalt 
glasses, whereas the XRD pattern is considered to be reversible for Mg2SiO4. This  
may be due to the fact that the network structure of Mg2SiO4 at ambient pres-
sure is dominated by MgOx, not by SiO4 [104]. The FSDP of jadeite glass is not
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so prominent at ambient pressure but becomes sharper with increasing pressure and 
subsequent temperature increase. The recovered FSDP is sharp and clear. Since crys-
talline jadeite is thermodynamically stable only at high pressures, the drastic change 
in the FSDP suggests that liquid (and glass) structures at ambient pressure and high 
pressure may be very different. The coordination number of Si is suggested to remain 
four below 20 GPa as in SiO2 glass because the Si–O bond length shows almost no 
change for MgSiO3, CaSiO3, Mg2SiO4, anorthite, and basalt. However, there is a 
study suggesting that the Si–O bond length significantly increases and the coordi-
nation number begins to increase already at 10 GPa [101]. NMR measurements for 
recovered samples indicate that Al consumes non-bridging oxygen at lower pressures 
than Si to increase its coordination number [105]. The coordination number of Al in 
both CaAl2Si2O8 and CaAl2O4 starts to increase from 0 GPa and sixfold-coordinated 
species become dominant at 20 GPa. The approximate average coordination numbers 
of network-modifying cations for glasses at ambient pressure are reported as follows: 
4.5 for MgSiO3 [106], 5 for Mg2SiO4 with a mixture of 4, 5, and 6 [104], 6 for CaSiO3 

[80], and 6.5 for anorthite [79]. The coordination number of Mg and Ca in crystalline 
phases with the same compositions is 6. Therefore all compositions except CaSiO3 

seem to have different coordination states in crystals and glasses. The coordination 
number will increase with pressure to 6 for MgSiO3, 7.5 for CaSiO3, and 9 for anor-
thite at about 20 GPa. High-pressure in situ diffraction measurements of silicate glass 
have been limited, and it is not fully understood how structural changes occur under 
pressure; however, such information will be of great interest for the development of 
new materials. 

4.11 Permanently Densified SiO2 Glass Recovered After 
Hot Compression 

As described in the previous section, the FSDP in diffraction data for SiO2 glass 
shifts toward higher Q and diminishes under high pressure at room temperature 
(cold compression) as shown in Fig. 4.12. Although this trend observed under cold 
compression has been understood as a general trend for the behavior of FSDP under 
high pressure, Onodera et al. reported the unusual behavior of the FSDP in XRD 
data for SiO2 glass recovered after hot compression. They recovered densified SiO2 

glasses after hot compression at a pressure of 7.7 GPa and temperatures up to 1473 K, 
and probed the glass structure by a combination of diffraction measurements and 
structure modeling [100]. Figure 4.13a shows X-ray S(Q) for hot-compressed SiO2 

glasses. The evolution of FSDP at 7.7 GPa is observed at a temperature higher than 
673 K; thus, the sharpness of the FSDP is decreased with increasing a temperature up 
to 673 K. The density of the hot-compressed SiO2 glasses also changes in behavior 
at a temperature higher than 673 K. These results indicate the transformation from a 
low- to high-density amorphous phase in SiO2 glass. Onodera et al. prepared a glass
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with the same density as the hot-compressed glass (1473 K/7.7 GPa) by cold compres-
sion at RT/20 GPa. Figure 4.13b shows X-ray S(Q) for two densified glasses with 
the same high density (hot-compressed glass, 2.72 g/cm3; cold-compressed glass, 
2.71 g/cm3). The position of the FSDP is almost the same corresponding to the same 
density, whereas the sharpness of the FSDP shows a significant difference between 
the two glasses. The Si–O coordination number obtained from the corresponding T (r) 
functions is four in each densified glass, indicating that the structure of the densified 
glasses comprises a network of corner-sharing tetrahedral SiO4 motifs. The coher-
ence length describing the intermediate-range ordering based on these motifs, given 
by 2π/ΔQFSDP, reaches 12.7 Å for 1473 K/7.7 GPa. On the other hand, the coherence 
length is 7.9 Å for RT/20 GPa. Therefore, although the densities of 1473 K/7.7 GPa 
and RT/20 GPa glasses are comparable, their structures are markedly different, with 
a coherent length for 1473 K/7.7 GPa that is ~61% longer than that for RT/20 GPa. In 
addition, hot-compressed glasses were stable for at least 1.5 years at ambient condi-
tions, whereas cold-compressed glass showed a reduction in density of 2.8% after 
1.5 years, suggesting that permanently densified SiO2 glasses can be synthesized 
by hot compression. As mentioned above, the glass structure can be controlled by 
controlling the processing conditions such as temperature and pressure. The densi-
fied SiO2 glass has attracted much attention as a candidate core material for optical 
fibers capable of reducing loss (see Chap. 15). The knowledge of the glass structure 
obtained by diffraction measurements may therefore be helpful for the design of new 
glassy materials. 

Fig. 4.13 a X-ray total structure factors S(Q) of SiO2 glasses recovered after hot compression. 
b X-ray total structure factors S(Q) of hot- and cold-compressed SiO2 glasses
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4.12 Summary 

This chapter described a brief introduction to the pair distribution function (PDF) 
analysis by X-ray and neutron diffraction measurements of disordered materials. 
Although solving the structure of disordered materials such as glasses, liquids, and 
amorphous materials is difficult owing to the lack of long-range periodicity, the PDF 
provides real-space structural information, such as interatomic distance and coordi-
nation number. Moreover, the complementary use of X-rays and neutrons enables 
us to analyze disordered structures more precisely by utilizing the contrast between 
X-ray form factors and neutron coherent scattering length. Attempts to understand 
the origin of diffraction peaks observed in diffraction patterns of typical disordered 
materials are made. The first sharp diffraction peak (FSDP) appears as the result of 
a sparse distribution of planes in polyhedra. The principal peak (PP) is a signature 
of the formation of chemical bond and reflects inter-polyhedral correlations on a 
short-length scale compared with FSDP. The extraordinarily sharp PP observed in 
neutron diffraction data for Al2O3 glass fabricated by the electro-chemical anodiza-
tion of Al metal indicates the formation of a densely oxygen-packed structure with 
a small cavity volume that is completely outside of Zachariasen’s glass-forming 
concept. The dedicated diffractometer for accurate diffraction measurement on levi-
tated liquid under high temperatures is available at SPring-8. The structure of a repre-
sentative nonglass-forming liquid, Er2O3, was successfully discovered by applying 
an aerodynamic levitation technique and high-energy X-rays. Experimental methods 
of X-ray diffraction measurements for disordered materials under high pressures are 
introduced together with the results of diffraction measurements of silica and silicate 
glasses under high pressures. In particular, the unusual behavior of the FSDP was 
found in the X-ray diffraction data for permanently densified SiO2 glass synthesized 
by hot compression at a pressure of 7.7 GPa and a temperature of 1473 K. The advent 
of synchrotron and neutron facilities led to the accurate measurement of diffraction of 
disordered materials from ambient to extreme (high pressure and high temperature) 
conditions. 
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