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Understanding the structure of disordered materials is still one of the most challenging topics in materials
science because of insufficient structural information on experimental data. In this article, recent studies in solv-
ing the structure of glassy oxide materials via a combination of quantum beam experiments and computer simu-
lations with the aid of advanced topological analyses are reviewed. To investigate glass structure on the inter-
mediate length scale, three-dimensional atomistic structure models, which reproduce the multiple experimental
dataset, were constructed. Furthermore, various topological analyses found that the network topology is an
important structural feature for understanding properties of oxide glasses. The comprehensive approach includ-
ing experimental, computational, and analytical method will be a promising way to probe the hidden order in
disordered structure and provide crucial knowledge to design new glass materials with novel characteristics.
©2022 The Ceramic Society of Japan. All rights reserved.

Key-words : Oxide glasses, Structure, Neutron diffraction, X-ray diffraction, Topology

[Received February 26, 2022; Accepted May 27, 2022]

1. Introduction

The structure of glassy, liquid, and amorphous materials
has no translational periodicity and thus cannot be ana-
lyzed based on well-known crystallography. The lack of
long-range order in disordered materials makes it difficult
to understand the relationship between structure and prop-
erty. To analyze the structure of disordered materials, mea-
surement of the pair distribution function (PDF) using X-
ray diffraction (XRD) and/or neutron diffraction (ND) is
the first step. The PDF describes the distribution of dis-
tances between atomic pairs and allows us to investigate
the structure of disordered materials in real space. A
combination of XRD and ND is very powerful in the PDF
analysis, because X-rays are sensitive to heavy elements
whereas neutrons are indispensable probes for observing
light elements.1) In the PDF analysis, the scattering inten-
sity is analyzed to give the total structure factor, S(Q),
where Q is the magnitude of the scattering vector given by

Q ¼ 4³ sin ª


; ð1Þ

where 2ª is the scattering angle and  is the incident
wavelength of the X-ray or neutron. The advanced instru-

mentations at synchrotron and neutron facilities2) cover
scattering data in a wide Q range, which is achieved by
utilizing short-wavelength (high-energy) photons and
neutrons, yielding high real-space resolution in the PDF.
However, experimentally obtained structural information
on disordered materials is limited to pairwise correlations.
Hence, it is insufficient to elucidate the intermediate-range
order,3),4) which exists on a length scale larger than atomic
bond lengths (typically beyond 4¡), in disordered materi-
als even if we used advanced instrumentations at quantum
beam facilities.
In recent years, in association with the dramatic ad-

vancement of computer performance and modelling tech-
niques, it has been possible to construct reliable three-
dimensional (3D) atomistic structure models of disordered
materials by a combination of quantum beam experiments
and computer simulations.5) Moreover, recent progress in
the development of atomic configuration analysis tools,
especially topological analysis tools focused on rings, cav-
ities, and homologies, has enabled us to extract a structural
feature hidden in pairwise correlations from 3D atomistic
structure models.6) Therefore, it can be said that we have
reached a stage where we can systematically discuss the
relationship between structure and property in disordered
materials via the topological analyses.
In this article, we focus on the structure of glassy oxide

materials. In particular, we pick three examples taken from
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our recent literature where structural studies by a combina-
tion of quantum beam measurements and computer simu-
lations aided by topological analyses were performed. In
these studies, reverse Monte Carlo (RMC)7) and/or molec-
ular dynamics (MD) simulations were performed to create
3D atomistic structure models that are consistent with
the multiple experimental dataset, e.g., diffraction, X-ray
absorption, and nuclear magnetic resonance (NMR). These
reliable atomistic structure models allowed us to inves-
tigate the structure on intermediate-range order in glassy
oxide materials via various topological analyses. More-
over, we found that the network topology plays an impor-
tant role for understanding materials properties in glassy
oxide materials. The paper is organized as follows. In
section 2, the basic theory for diffraction experiments is
briefly described. In section 3, the structure of binary
phosphate glass is discussed in terms of the formation of a
metallic cationoxygen network.8) In section 4, the struc-
ture of silica (SiO2) glass are considered for understanding
its diffraction pattern and network topology.6) In section 5,
the behavior of alkali ions in the structure of silicate
glasses is discussed to tackle the origin of the mixed alkali
effect.9) Finally, we conclude the paper and consider future
prospects for extracting the hidden order in the structure of
disordered materials in section 6.

2. Diffraction theory

In XRD and ND measurements on disordered materials
containing n chemical species, structural information is
contained in the total structure factor,1),2)

SðQÞ ¼

1þ 1

jhWðQÞij2
Xn
¡¼1

Xn
¢¼1

c¡c¢w
�
¡ðQÞw¢ðQÞ½S¡¢ðQÞ � 1�;

ð2Þ
where c¡ is the atomic fraction of chemical species ¡;
w¡(Q) is either a Q-dependent atomic form factor with dis-
persion terms in XRD or a Q-independent coherent scat-
tering length in ND and is, in general, a complex number;
S¡¢(Q) is a partial structure factor; and

hWðQÞi ¼
X
¡

c¡w¡ðQÞ: ð3Þ

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

gðrÞ ¼ 1þ 1

2³2rμ

Z Qmax

Qmin

QðSðQÞ � 1Þ sinðQrÞMðQÞdQ;

ð4Þ
where r is the distance in real space, μ is the atomic num-
ber density, and M(Q) is the Lorch10) modification function
given by M(Q) = sin(³Q/Qmax)/(³Q/Qmax) for Q ¯ Qmax

and M(Q) = 0 for Q > Qmax, where Qmax is the maximum
value of Q. A similar Fourier transform relation can be
established between partial structure factors S¡¢(Q) and
partial PDFs g¡¢(r). The structure of a disordered material
containing n chemical species is described by n(n + 1)/2

of these partial PDFs. The total correlation function, T(r),
which is widely used to investigate the structure of oxide
glasses, is given by

T ðrÞ ¼ 4³rμgðrÞ: ð5Þ
An important reason to prefer the use of T(r) which scales
as r, as opposed to functions such as g(r) which scales as a
constant, is that it is broadened symmetrically by thermal
motion in the harmonic approximation.11) In other words,
T(r) is more useful than g(r) for peak fitting.12) By using
a real-space function, it is possible to obtain interatomic
distances and coordination numbers.2),5) To obtain struc-
tural information with sufficient resolution in real space, it
is necessary to measure S(Q) up to the higher-Q region
since a higher real-space resolution is achieved with a
larger Qmax.13)

3. Formation of metallic cation–oxygen network
in binary phosphate glass with anomalous

thermal expansion coefficients

Oxide glass prepared by melt-quenching is usually com-
posed of network former (NWF) and network modifier
(NWM) groups.14) Phosphorus pentoxide (P2O5) is gen-
erally classified into the NWF group along with SiO2,
B2O3, and GeO2 from the viewpoint of glass-forming abil-
ity. However, P2O5 differs from other NWF oxides since
the P=O bond allows the delocalized electrons in phos-
phate glasses.15)17) Phosphate glass frequently has poor
chemical durability,18) but has a significant potential for
several practical applications owing to its unique physical
and structural properties.19)23) In contrast to the conven-
tional NWF oxides, several metal oxides, which can act as
either NWF or NWM depending on the glass composition,
are classified into intermediate groups.14) Zinc oxide is
classified as being part of the intermediate group. In the
case of zinc phosphate (ZP), monolithic bulk glass can be
obtained although the P2O5 content is < 33.3mol%. ZP
exhibits low-melting point properties and does not contain
any hazardous cations, such as lead and fluorine. Therefore,
ZP glass is a promising material for use as lead-free sealing
glass24),25) or as a good host for emitting centers.26),27)

The structure of ZP glass has been extensively studied
by various methods. Several groups have performed struc-
tural analyses using ND and XRD with the aid of RMC
modeling.28)30) Those studies indicated the zinc in ZP
glass to be in the four-coordinated state. On the other hand,
several previous investigations have shown that a metallic
cation has a small coordination number in glass,31)35)

since the rigid glass network enables the metastable spe-
cies of metallic cation to be sustained in the glass matrix.
Therefore, the modeling of a reliable atomic arrangement
in ZP glass based on metallic cation-specific experimental
data and conventional diffraction data is essential for
understanding the network structure consistent with the
coordination state of the zinc. Onodera et al. constructed
reliable atomic configurations of ZP glasses from the view-
point of 3D network linkage, that is, the connectivity of
each oxide by the combination of 31P magic angle spin-
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ning (MAS) NMR, Zn K-edge extended X-ray absorption
fine structure (EXAFS), XRD and ND data, and RMC
simulation. Moreover, they discussed the relationship
between several properties and the glass structure.8)

For glass networks that are similar, the glass with the
lower glass transition temperature, Tg, generally exhibits a
higher thermal expansion coefficient.36),37) However, the
thermal expansion coefficients of ZP glasses increase with
increasing ZnO fraction (a higher Tg glass exhibits a higher
thermal expansion coefficient).8) This anomaly of the ther-
mal expansion coefficient suggests that the glass networks
might differ depending on the ZnO fraction. The combi-
nation of 31P MAS NMR, Zn K-edge EXAFS, XRD and
ND data, and RMC simulation applied to 60ZnO40P2O5

(60ZP) and 70ZnO30P2O5 (70ZP) glasses has made it
possible to determine their structures and enabled us to
find that the thermal expansion coefficient is sensitive to
the substitution of the phosphate chain network by a net-
work consisting of ZnO units in zinc-rich glass.

The RMC simulation was performed using XRD, ND,28)

and EXAFS data with several chemical coordination
states around a phosphorus, utilizing the results of
31P MAS NMR, which can provide the information on
the Qn ratio [where n is the number of bridging oxygen
(BO) atoms in a tetrahedral unit, e.g., SiO4 and PO4].
Figure 1 shows the experimental neutron and X-ray total
structure factors SN,X(Q) and EXAFS k3»(k), respectively,
of 60ZP and 70ZP glasses along with those obtained by
the RMC simulation. There is good agreement between
the experimentally determined and RMC-modeled data
of 60ZP and 70ZP glasses, as shown in Fig. 1. The Qn

ratio, as calculated from the area of each peak in the
31P MAS NMR spectra of 60ZP and 70ZP glasses, shows
that the number of Q2 species decreases significantly as
the amount of ZnO increases, indicating that the PO4 units
no longer form a glass network for 70ZP glass. Note that
the Qn distributions, that is, Q0:Q1:Q2:Q3:Q4 ratios of
0.8:49.8:49.0:0.4:0 and 33.8:65.8:0.4:0:0, obtained from
the RMC models for 60ZP and 70ZP glasses, respectively,
concurred with the results of 31P MAS NMR. Oxygen
coordination numbers around a zinc atom, NZnO, of 3.6
and 3.8 were calculated from the RMC models at atomic

distances of up to 2.4¡ for the 60ZP and 70ZP glasses,
respectively. The ZnO coordination numbers obtained
from the RMC models agree with those determined exper-
imentally by EXAFS, which is very sensitive to the ZnO
coordination, but are smaller than some of the values in
previous studies.28)30) Accordingly, it is demonstrated that
the RMC models are reliable not only in a short range,
e.g., ZnO coordination, but also in an intermediate range,
including the connectivity of PO4 tetrahedra.
To understand the network connectivity in detail in the

RMC models, the connectivity of PO4 tetrahedra and Zn
O polyhedra was analyzed. Figures 2(A) and 2(B) show
the 3D linkage of the phosphate network in terms of the
chain length, as calculated from the total number of atoms
in each phosphate. Figure 2(A) shows the fraction of Q1

units and Q2 chains of PO4 tetrahedra in 60ZP glass and a
typical RMC-modeled Q2 chain [inset of Fig. 2(A)]. On
the other hand, as can be seen in Fig. 2(B), 70ZP glass
consists of only isolated PO4 tetrahedra (Q0) and P2O7

dimers (Q1). Thus, the RMC models reproduce the mod-
ification of the 3D phosphate network observed by
31P MAS NMR. The total number of atoms constituting
the ZnxOy units [Figs. 2(C) and 2(D)] was calculated to
elucidate the origin of the glass network in ZP glass with
low amounts of NWF. As shown in Figs. 2(C) and 2(D),
the ZnxOy units do not form a network in the 60ZP glass,
and the size of the fragment [consisting of up to 41 atoms,
as shown in the inset of Fig. 2(C)] is <20¡. In contrast,
10% of the ZnxOy units in 70ZP glass form networks
consisting of more than 40 atoms, as manifested by their
atomic configurations consisting of up to 1300 atoms, as
shown in the inset of Fig. 2(D). The unusual network
structural units consisting of ZnxOy polyhedra can be
attributed to the smaller oxygen coordination number
around the zinc atom than that in the ZnO crystal. In other
words, the high glass-forming ability of 70ZP glass stems
from this small oxygen coordination. It is suggested that
the small ZnO coordination number is a signature of the
NWF, according to Zachariasen’s rule,14) in the RMC
model for 70ZP glass. The present findings regarding the
3D network formation of ZnxOy units indicate that inter-
play between the PO4 tetrahedra and ZnO polyhedra is
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important not only for forming glass but also for tuning the
physical properties of glass. Such interplays related to the
formation of the glass network in oxide glass have been
reported for CaOAl2O3,33) V2O5P2O5

35) glass systems.
For instance, in V2O5P2O5 glass, Aoyagi et al. reported
that the glass network formed by the interplay between
PO4 tetrahedra and VOx polyhedra brings about the
improvement of water durability, thermal stability, and
hardness.35) Furthermore, in zinc-rich glass in ZnOP2O5

system, it was found that the thermal expansion coefficient
sensitively reflects the substitution of the phosphate chain
network by a network formed of ZnxOy units.

4. Understanding diffraction patterns and
uncovering network topology in silica glass

Typical glass-forming materials, e.g., SiO2, GeO2, and
P2O5, have a network structure in which atoms are con-
nected with covalent bonds. For instance, the short-range
structure in glassy (g-)SiO2 is a SiO4 tetrahedron, and the
interconnection of SiO4 tetrahedra forms a network by the
sharing of oxygen atoms at the corners. This polyhedral
motif is manifested by a first sharp diffraction peak (FSDP)
and a principal peak (PP) in structure factor S(Q).38) It is
well known that the FSDP of g-SiO2 is related to the for-
mation of the random network model of Zachariasen14)

and the model was extended to silicate glass by Mei
et al.39) Currently, attempts are being made to understand
diffraction patterns from disordered materials measured at
synchrotron and neutron facilities, along with the aid of
topological analyses based on atomic configurations ob-

tained from RMC and/or MD simulations, which repro-
duce experimental diffraction data.6)

The neutron total structure factor, SN(Q), for g-SiO2
40) is

shown in Fig. 3(A) together with the X-ray total structure
factors, SX(Q), for amorphous (a-)Si41) and g-Cu50Zr50.6)

Note that Q is scaled by the nearest-neighbor distance, d,
observed in real-space functions to eliminate the effect of
atomic size on diffraction pattern. SN(Q) for g-SiO2 ex-
hibits a three-peak structure: Q1 (FSDP), Q2 (PP), and Q3

[Fig. 3(A) bottom]. SX(Q) for a-Si, possessing a fully
tetrahedral network, shows Q2 and Q3 [Fig. 3(A) middle],
whereas only Q3 is observed in SX(Q) for g-Cu50Zr50
[Fig. 3(A) top], which has a typical dense random packing
(DRP) structure.42)44) As mentioned previously, the net-
work structure of g-SiO2 consists of SiO4 tetrahedra with
shared oxygen atoms at the corners, giving rise to the gen-
eration of cavities (empty spaces) owing to the chemical
contrast between silicon (fourfold) and oxygen (twofold)
atoms. The surface based cavity45) extracted from the
RMC-MD model of g-SiO2 is visualized in Fig. 3(B)
together with the cavity size distribution [Fig. 3(C)]. The
cavity volume ratio of 33% and the cavity size distribution
indicate that a large cavity is formed in the structure of
g-SiO2. These structural features are manifested by the
appearance of a FSDP. Therefore, it is shown that the
FSDP in g-SiO2 is the signature of the arrangement of
tetrahedra with the periodicity given by 2³/QFSDP, where
QFSDP is the position of the FSDP, as illustrated in Fig. 4.
It is possible to recognize a periodicity of ³4¡ (indicated
by cyan arrows) with a coherence length of ³10¡ (indi-
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cated by red arrows) given by 2³/¦QFSDP, where ¦QFSDP

is the full width at half-maximum of the FSDP. That is,
the FSDP appears as the result of a sparse distribution of
planes in polyhedra, because the FSDP of g-SiO2 dimin-
ishes with the increasing pressure associated with densi-
fication, that is, the reduction of cavities.46),47) The chemi-
cal contrast seen in g-SiO2 is not found in a-Si, whose
short-range structural unit is a SiSi4 tetrahedron that results
in the absence of the FSDP. The average coordination
number in g-Cu50Zr50 is approximately 12, which is much
larger than those of others, suggesting that the PP is the
signature of chemical bonds, because g-Cu50Zr50 has no
chemical bond in its DRP structure. Recently, Kohara
et al. have compared the network topology of liquid and
solidified (crystalline and amorphous) Si with those of

SiO2 and concluded that the tetrahedral corner-sharing
network of AX2, in which A is a fourfold cation and X is a
twofold anion, as indicated by the FSDP, is an important
structural motif for the good amorphous-forming ability
and can rule out Si as a good amorphous former.48)

To study the network topology of g-SiO2 in detail, a
novel topological analysis, persistent homology,49) an
emerging mathematical tool for characterizing the shapes
of data, was introduced together with the conventional (Si
O)n ring size distribution analysis.50),51) Primitive rings are
identified by searching the shortest closed path along with
SiO bonds and cannot be decomposed into smaller
rings.52) In the calculation of the ring size distribution, the
SiO bond length was set to 1.90¡. The persistent homol-
ogy analyses were performed using the Homcloud pack-
age.53) Given a point cloud in space, persistent homology
captures the topological multiscale structures, and those
identified are expressed in a persistence diagram (PD).
Figure 5(A) shows a typical example of the construction
of the PD for adjacent regular ring structures. First, each
point is replaced with a sphere and the radius is increased
from zero to a sufficiently large value. For regular square
and hexagonal points whose distance between points is an
equal interval, fourfold and sixfold rings appear (birth)
simultaneously at radius b1. Then, fourfold and sixfold
rings disappear (death) at radii d1 and d2, respectively, and
the pair of radii (b, d) for each ring is recorded. The PD is
a histogram of the birthdeath plane counting of rings at
the coordinate (b, d). The one-dimensional PD for a regu-
lar square/hexagonal is shown in Fig. 5(B). Further details
of the persistent homology are described in Ref. 49). Note
that the rings identified in the PD are constructed in a
manner different from primitive rings where a closed path
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is searched by following the atomic bonds,52) since the
persistent homology identifies rings without searching the
atomic bonds. Therefore, in general, rings identified by
persistent homology and primitive rings will deliver differ-
ent information on the atomic arrangement.

Figures 6(A)6(D) show the primitive (SiO)n ring
statistics calculated from the crystal structures for ¡-
cristobalite (d = 2.327 g cm¹3),54) ¡-quartz (d = 2.655
g cm¹3),55) and coesite (d = 2.905 g cm¹3),56) together with
that of g-SiO2 (d = 2.21 g cm¹3). Note that the structures
of all forms of SiO2 have the network formed of corner-
sharing tetrahedral SiO4 units. ¡-cristobalite shows only
sixfold rings consisting of six SiO4 tetrahedra [Fig. 6(A)],
while ¡-quartz has a large fraction of eightfold rings in
addition to sixfold rings [Fig. 6(B)]. On the other hand,
both coesite [Fig. 6(C)] and g-SiO2 [Fig. 6(D)] exhibit a
distribution of different ring sizes, which is a signature of
topological disorder according to Gupta and Cooper.57)

The Si-centric PDs of SiO2 crystals and the glass are
shown in Figs. 6(E)6(H). In SiO2 crystals and the glass
shown here, each structure can be regarded as a silicon
network that is decorated by twofold-coordinated oxygen
atoms. Therefore, particularly in the persistent homology,
the main features in the network topology should be
expressed in terms of the point cloud formed of silicon
atom coordinates. A systematic change in the Si-centric
PDs with density is observed for the crystalline phases in
Figs. 6(E)6(G). In contrast to the crystalline phases, the
PD for g-SiO2 [Fig. 6(H)] has a vertical profile along with
the death axis at bk ³ 2.2¡2, which is thought to be a
signature of a SiOSiO network. The comparison
between primitive ring size distributions and Si-centric
PDs shown in Fig. 6 provides us with comprehensive
topological information, because ring statistics analysis is
sensitive to the ring size, whereas PDs make it possible to
elucidate not only the size but also the shape of rings (how
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rings are buckled). The profile observed at birth bk =
2.2¡2 in the Si-centric PD for ¡-cristobalite [Fig. 6(E)]
shows a large dk of 7.4¡2, demonstrating that sixfold rings
are symmetrical in ¡-cristobalite. However, the value of dk
decreases with increasing density from ¡-quartz [Fig. 6(F)]
to coesite [Fig. 6(G)], suggesting that the rings are sig-
nificantly buckled in the high-density crystalline phases.
Since all forms of SiO2 of interest have corner-sharing
SiO4 tetrahedral units, a comparison of ¡-cristobalite, ¡-
quartz, and coesite with g-SiO2 in the Si-centric PDs sug-
gests that the glass has not only the homology of a crys-
talline phase with comparable density (¡-cristobalite), but
also the homology of higher-density crystalline phases (¡-
quartz and coesite). Although g-SiO2 has a distribution of
ring sizes [see Fig. 6(D)], Figs. 6(A)6(C) indicate that
crystalline phases exhibit topological disorder with in-
creasing density, because their ring size distributions
become broad with increasing density. It is concluded,
from the results of a combination of conventional ring
statistical analysis and PD analysis, that the vertical profile
along with the death axis observed in the Si-centric PD for
g-SiO2 is the result of disorder, because the small death
value in the glass implies that SiO4 tetrahedra are locally
more densely packed in the glass than in ¡-cristobalite,
whose density is comparable to that of g-SiO2. Koyama
et al. applied persistent homology analysis to the RMC-
MD model for the nonglass-forming liquid, Er2O3, and
revealed that liquid (l-)Er2O3 is homologically similar to
the single crystalline phase and that both phases are very
densely packed.58) The behaviors of PDs for g-SiO2 and
l-Er2O3 are very different and thus the difference in PDs
between g-SiO2 and l-Er2O3 suggests that having the
homology of several crystalline phases manifested by the
vertical profile in the Si-centric PD is an indicator of the
high glass-forming ability of g-SiO2.

5. Origin of mixed alkali effect
in silicate glasses

Silicate glasses are some of the oldest materials in his-
tory and are commonly used in the modern glass industry.

It is well known that alkali mixing causes several unusual
phenomena in silicate glass, that is, when an alkali ion is
gradually replaced by another one, some physical proper-
ties, for instance electrical conductivity,59) vary in an ex-
tremely nonlinear manner. Although many studies on this
“mixed alkali effect” have been reported, the origin of this
effect had been unclear because previous studies did not
visualize the alkali ion coordination around the nonbridg-
ing oxygen (NBO) atoms, which formed by introducing
the alkali ions into the SiO4 tetrahedral network, in the
glass structure as being consistent with the multiple exper-
imental dataset. Recently, Onodera et al. investigated the
structures of three kinds of 22.7R2O77.3SiO2 glasses
(R = Na, K) using ND and XRD to reveal the influence of
alkali ions on the glass structure.9) As alkali ion compo-
nents, they selected single Na (Na100 glass), single K
(K100 glass), and an equal mixture of Na and K ions
(Na50K50 glass). The mixed alkali effect in the electrical
properties of the alkali silicate glasses was confirmed by
measuring the dielectric constants. Indeed, the dielectric
constant exhibited a nonlinear trend as a function of the
K2O amount and showed a minimum value in Na50K50
glass.9) Onodera et al. performed dedicated data-centric
structure modeling, employing combined RMC and classi-
cal MD simulations (RMC-MD simulations), in accord-
ance with the ND, XRD, and NMR60) data. Moreover, they
carried out persistent homology analysis together with ring
size distribution analysis using the 3D atomistic structure
models to elucidate the origin of the mixed alkali effect
from the behavior of alkali ions around the NBO atoms in
the silicate glasses.
Figures 7(A) and 7(B) show the neutron and X-ray total

structure factors, SN,X(Q), for three alkali silicate glasses
and SiO2 glass. The prominent FSDP is observed at Q ³
1.5¡¹1 in the SN,X(Q) for SiO2 glass, whereas the FSDP
becomes broader when alkali ions are added. The FSDP
also appears in the SN(Q) for the alkali silicate glasses, but
the shape of the peak is very complicated. For instance, an
extra peak is observed at Q ³ 0.8¡¹1 in the case of the
K100 glass. On the other hand, the FSDP is not visible in
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the SX(Q) for either Na50K50 or K100 glass because of the
large weighting factors of potassium for X-rays. It is worth
mentioning that the average of the diffraction patterns of
Na100 and K100 glasses (black broken curves) is almost
identical to the experimental data of both ND and XRD for
Na50K50 glass, implying that the mixed alkali effect can-
not be easily found in the one-dimensional diffraction data.
The neutron and X-ray total correlation functions, TN,X(r),
for three alkali silicate glasses and SiO2 glass are shown in
Figs. 8(A) and 8(B), respectively. The SiO correlation
peak is located at 1.62¡ with a SiO coordination number
of 4.0 « 0.1 in all glasses. The NaO correlation exhibits a
small peak at approximately 2.3¡ in the case of Na100
and Na50K50 glasses. The OO correlation peak and the
SiSi correlation peak are found at 2.63 and 3.08¡,
respectively, in SiO2 glass, but the peak overlaps the KO
correlation peak for Na50K50 and K100 glasses. It is not
easy to extract more detailed information beyond the short-
range structure by real-space analysis, demonstrating the
limitation of pairwise real-space correlations.

To obtain structural information on the intermediate-
range structure beyond the short range, the dedicated data-
centric structure modeling with the combination of RMC
and classical MD was performed. The starting configura-
tions were created using hard-sphere Monte Carlo (HSMC)
simulations with constraints to reproduce the Qn ratio of
the three silicate glasses obtained in the 29Si MAS NMR
study.60) According to the 29Si MAS NMR spectra, the
Q0:Q1:Q2:Q3:Q4 ratios were 0:0:1.5:55.8:42.7,
0:0:1.2:56.5:42.4, and 0:0:0.8:57.2:42.0 for Na100,
Na50K50, and K100 glasses, respectively. After HSMC
simulations, RMC simulations were carried out to repro-
duce the neutron and X-ray S(Q) data with constraints to
maintain the Qn ratio. Following the RMC simulations, the
atomic configurations were optimized by the MD simu-
lations with the Morse-type interatomic potential devel-
oped by Pedone et al.61) After MD simulations, all con-
figurations were refined by additional RMC simulations.
Further details about RMC-MD simulations are described
in our original paper.9) The final results of the RMC-MD
simulations are plotted in Fig. 7 as solid colored curves. A

good agreement between the RMC-MD model and experi-
mental data (black solid curves) has been obtained, as
shown in Figs. 7(A) and 7(B). It indicates that reliable and
accurate structure models for the alkali silicate glasses
were constructed by using the combined RMC-MD simu-
lations and reproducing the NMR results and the neutron
and X-ray structure factors simultaneously.
To obtain clearer insight to uncover the mixed alkali

effect, the persistent homology analysis was applied to the
RMC-MD models. First, the alkali-centric PDs for the
three alkali silicate glasses were obtained. However, distin-
guishable differences among the three glasses were not
observed in the PDs. On the other hand, the alkali-centric
PDs of Na50K50 glass for Na-centric, Na/K-centric, and
K-centric data shown in Figs. 9(A)9(C) exhibit a strik-
ing difference. Profiles along the diagonal for all the PD
data are extracted in Figs. 9(D)9(F). Both the Na-centric
[Fig. 9(D)] and K-centric [Fig. 9(F)] data do not have any
characteristic profiles, while only the Na/K centric PD
[Fig. 9(E)] has two characteristic profiles at dk ³ 5 and
³10¡2. These profiles indicate that Na and K are highly
correlated via oxygen in Na50K50 glass, like NaOK.
Indeed, the connectivity analysis62) confirmed that 81% of
Na, K, and O atoms form a network in Na50K50 glass.
To obtain more crucial structural information associated
with the origin of the mixed alkali effect, alkalioxygen
polyhedra with the formation of edge-sharing NBO atoms
in alkali silicate glasses are visualized in Figs. 10(A)
10(C). A comparison of Na100 [Fig. 10(A)] and K100
[Fig. 10(C)] suggests that the shape of the NaO poly-
hedra is planar, whereas that of the KO polyhedra is
polyhedral. According to the calculation of the coordina-
tion numbers of the BO and NBO around the alkali ions,
the alkaliNBO coordination number is ³2 in both Na100
and K100 glasses, and alkaliBO coordination number is
2.1 in Na100 glass. On the other hand, K100 glass exhibits
a larger alkaliBO coordination number, 2.4, and this trend
is enhanced in the Na50K50 glass, in which the KBO
coordination number is almost 3. The KO polyhedra that
are highly coordinated with the BO and NaO polyhedra
are highlighted in black in Fig. 10(B), where the potas-
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sium ion is trapped by a higher number of BO atoms [see
Fig. 10(D)]. It is likely that these specific configurations
involving NBO atoms are bottlenecks in ionic conduc-
tion because the trapped potassium ions disturb the ionic
migration. It has been reported that each kind of alkali
ion has an independent conduction pathway according to
MD simulations on lithium potassium metasilicate glass.63)

Habasaki et al. found that the transfer of alkali ions
through different ion sites has a low probability and pro-
posed an interpretation for restricted ion jumping among
the sites occupied by other types of ions owing to a mis-
match in the occupation energies of unlike alkali ions.64)

The present finding that the local environment of K ions in
the highly coordinated KO polyhedra is significantly dif-
ferent from that of Na ions in the four-coordinated NaO
polyhedra successfully proves their hypothesis. Therefore,
Onodera et al. concluded that the local environment of
alkali ions associated with alkali connectivity is likely the
intrinsic origin of the mixed alkali effect, which supports
the modified random network model with the bottleneck
structure proposed by Greaves and Sen.65)

6. Conclusions

In this article, we have reviewed recent studies on the
structure of glassy oxide materials revealed by combining
quantum beam experiments and structure modeling with
topological analyses. By applying advanced topological
analyses to reliable atomistic structure models that are con-
sistent with the multiple experimental datasets, network
topologies related to the materials properties are discov-
ered. These results highlight the comprehensive approach
including experimental, modeling, and analytical tech-
niques enables us to uncover the structural feature hidden
in disordered structures beyond the nearest-neighbor corre-
lation length.

Recently, several disordered materials with novel struc-
tures and properties have been synthesized by various
methods. In 2020, we have reported the unusual behavior
of the FSDP in the XRD S(Q) for permanently densified
SiO2 glass synthesized by a hot compression at a pressure
of 7.7GPa and a temperature of 1200 °C.66) On the other
hand, Shang et al.67) have reported ultrahard bulk amor-
phous carbon with diamond-like short-/intermediate-range
order can be synthesized by heating C60 at pressures of 27
GPa and temperatures of 9001000 °C. Hashimoto et al.68)

very recently have reported the electrochemically prepared
Al2O3 glass, which can be regarded as a single-component
intermediate oxide glass, has a densely oxygen packed
structure with a large fraction of edge-sharing polyhedral
motifs that is completely outside of Zachariasen’s rules. In
these studies, quantum beam diffraction, structure model-
ing, and topological analyses have played significant roles
in understanding the relationship between structure and
property in novel disordered materials. Therefore, topolo-
gical analyses combined with quantum beam experiments
and structure modeling is an effective approach for quest-
ing for fabrication of new glass materials and will promote
leading-edge study in glass science.
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