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1) Extracting order hidden in disordered structures via topological analysis
Kohara (GL) Onodera

2) Application of element-specific measurement to materials
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Comparable with 
crystal structures

S. Kohara et al., J. Ceram. Soc. Jpn. 132, 653 (2024).

Anomalous X-ray scattering
✔A new diffractometer for anomalous X-ray scattering 
developed jointly with JASRI at SPring-8

ing (Waseda, 2002; Egami & Billinge, 2003; Hosokawa et al.,
2012; Kohara et al., 2013) (AXS) in a synchrotron facility. In
this paper, we present the current status of our carry-in diffrac-
tometer.

”Order within disorder” in amorphous materials (Salmon,
2002). Topological versus chemical ordering in network glasses
at intermediate and extended length scale were revealed using
isotopic substitution in neutron diffraction (Salmon et al.,
2005).

2. Methods and Instrumental

2.1. overview

The diffractometer has been working at the beamline
BL47XU in SPring-8 since 2022 for user use as shown in Fig. 1.
The usual 2θ axis in the vertical scattering plane is designed for
a measurement of AXS using a crystal analyzer, which enables
us to observe a large scattering angle over 120 deg.

A detector system in the horizontal scattering plane is used
for XFH mainly in the inverse mode. Using the combination of
an open χ circle with the 2θ axis, one can determine the crystal
orientation of a sample by observing Bragg reflections with-
out detecting Kossel lines. That is one of the benefits using our
diffractometer that enhances the availability of XFH to a sample
which even shows a blurred hologram. The all axes mentioned
above are on the motorized tranlational stage (X and Z) with
one rotational motion (R) in manual, which enables alignment
of the instrument to the X-ray beam path within a few microns.

Enough low instrumental background level was achieved by
installing a radiation shield box that surrounds the incident X-
ray optics in the beamline hutch, adequate scattering shields of
lead around detectors, and a beam stop for the incident beam.

2.2. X-ray fluorescence holography

X-ray Fluorescence Holography (XFH) is a method to
observed the atomic resolution hologram that produced by inter-
ference between fluorescence X-rays from the source atom and
those reflected by surrounding atoms.

χ(k) = −2r0Re
∑

i

fi(k, r)
ri

ei(kri+k·ri). (1)

Here, we define |k| = 2πQ.
Therefore, inverse Fourier transform of the hologram

obtained in the so called normal mode can visualize three-
dimentional (3D) atomic image at the atomic resolution. XFH
has two measurements mode so called, normal mode and
inverse mode. These are fundamentally the same measurements
that are combined with each other by reciprocity theorem in
optics (Jackson, 1999). That says, if a point source of radiation
and an observed point are interchanged, the measured intensity
at the new observation point will be the same at that at the old.

Figure 2
(a) Experimental setup for XFH and AXS in the horizontal and vertical scat-
tering plane, respectively. Measurement geometries for (b) XFH and (c) AXS.
The X and Z directions are the same those in Fig. 1.

In advantage of multi-energy measurements by changing
incident X-ray energy that enables reduction of ghost image
inherit in XFH, the inverse mode can produce better recon-
structed 3D atomic image that the normal mode in general.
Rather high count statics can be obtained by the inverse mode
is another advantages. In this instrument, therefore, we appled
measurement system in the inverse mode as the standard setup.
Note that the normal mode measurement is also possible using
2D detector in case such a demand. XFH detector system in the
inverse mode is utilized using the three axes for a sample (α,
φ, and χ) and η axis for the angle controll of detecting system
composed of an analyzer and detector in the horizontal plane.
In the inverse mode, we measure fluorescence yield by chang-
ing the incident angle of incident X-rays in the solid angle. For
changing incident solid angle, α and φ axes are used. Brashless-
motor is applied for the φ so that continuous rotation in the same
rotaional direction that is preferable for XFH to measure holo-
gram effectively and offers angular precision. There are three
translational motiions for adjustment of irradiation area on the
sample. For analyzer crystal, we can apply graphite cylindri-
cal analyzer (?) for effective collection of fluorecence X-rays in

2 Hiroo Tajiri et al. · Carry-in diffractometer J. Synchrotron Rad. (0000). 00, 000000

H. Tajiri et al., J. Synchrotron Rad., 32, 125 (2025) .
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学術変⾰領域研究(A)「超秩序構造が創造する物性科学」

『先端量⼦ビーム⼿法群によるナノ・メゾスケール元素選択構造計測』

A02-1班代表 ⼩原真司
（物質・材料研究機構、ETHZ）

・様々な材料における「超秩序構造」の発掘（計測）
・「超秩序構造」を正確に決定する⼿法論を確⽴

Y. Onodera et al., NPG Asia Mater. 12, 85 (2020).
“Structure and properties of densified silica glass: characterizing the 

order within disorder”

Y. Onodera et al., NPG Asia Mater., 12, 85 (2020).
“Structure and properties of densified silica glass: 

characterizing the order within disorder”

The structure of densified silica glass

✔ Synthesis of glass with high density and high structural order
→Achieving high density and structural order is crucial for optical fiber glass
✔ Structural features of the obtained high-density glass were extracted from    
     3D structural model

with Prof. Phil. Salmon
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Structure of silica (SiO2) glass

Atomic arrangement of SiO2 glass

Blue: Si
Red: O

S. Kohara and K. Suzuya, J. Phys.: Condens. Matter, 17, S77 (2005).

6R

4R 4R

Small cation–oxygen coordination 
number and corner-sharing network
→ good glass-forming ability

O

Si
✔ NSi–O=4, NO–Si=2

✔ Interconnection of SiO4 tetrahedra 
forms a network by sharing of oxygen 
atoms at the corners

✔ Network structure consists of rings 
of various sizes

✔ A large cavity is formed

SiO2: prototypical network-forming oxide material

Cavity volume 
ratio: 32%
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The origin of FSDP in SiO2 glass

S. Kohara et al., Nat. Commun., 5, 5892 (2014).
Y. Onodera et al., J. Ceram. Soc. Jpn., 127, 853 (2019).
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First Sharp Diffraction peak
         (FSDP)

Intermediate-range structure of 
SiO2 glass 

Sparse periodic structure 
formed by SiO4 network
Periodicity: 2π/QFSDP      ~  4 Å
Correlation length: 2π/ΔQFSDP ~  10 Å

Thickness of the cell is approximately 9 Å 
and only the atoms belonging to the network are shown
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※The short-range units of cristobalite, quartz, 
and coesite are all SiO₄ tetrahedra

✔ Permanently densified SiO2 glasses were synthesized by hot compression 
 at a pressure of 7.7 GPa and temperatures up to 1200 °C

✔ Beyond 1200 °C, glass crystalizes into coesite
✔ Transformation from a low- to high-density amorphous phase ~ 600 °C

Black circles: SiO2 glasses after hot-compression

Hot-compressed glasses were stable for 
at least 1.5 years at ambient condition 
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X-ray structure factors S(Q) for densified SiO2 glasses
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✔ The evolution of FSDP at temperature higher than 400 °C is observed
 (it is consistent with the behavior of density) 
✔ The height of FSDP of hot-compressed glass (HCG) is greater than that    
      of cold compressed-glass (CCG), although the densities are same 
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Black: RT / 7.7 GPa, Red: 400 ℃ / 7.7 GPa, Blue: 1200 ˚C / 7.7 GPa, Cyan: RT / 20 GPa
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✔ FSDP in X-ray and neutron S(Q) 
 show the similar behavior

Si–O coordination number ~ 4 
→ All the glasses sustain a network of 

corner-sharing SiO4 motifs

X-ray and neutron diffraction data 
for densified SiO2 glasses
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MD-RMC simulations
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MD-RMC models reproduced measured X-ray/neutron S(Q)

Atomic configurations created by classical MD simulations were refined by RMC method

Y. Onodera et al., NPG Asia Mater., 12, 85 (2020).
Black : experimental data
Red : MD–RMC model
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Cavity analysis

equal cutoff for all elements (2.5 Å) was chosen in a

study of Ge/Sb/Te phase change materials.[4]

! “Center-based” cavities resulting from a Dirichlet-Voronoi con-

struction using the atomic positions and the cavity centers.

! “Surface-based” cavities,[1] where the boundaries are deter-

mined by Dirichlet-Voronoi constructions from each point

on the domain surface to neighboring atoms, have been

used in numerous studies of phase change materials.[3,23,24]

The code, the ways to access it, and the online documenta-

tion are described below, and an application demonstrates

some of its features.

Definitions and Algorithms

Essential input for a calculation of cavities and their properties

is the location of the atoms, which is often provided as a list

of coordinates and atom types within an appropriate unit cell.

However, the definition of a cavity is not unique and is a

prerequisite for any study. Calculation of pair distribution func-

tions (PDF) involving cavities (with atoms and with other cavi-

ties) means that we must also associate appropriate

coordinates with the center of each cavity. We now define cavi-

ties and describe how we calculate their centers.

Cavity domains and cavity centers

The first step is the discretization of the simulation cell by cre-

ating a cuboid grid containing the cell bounding box and a

surrounding layer, which enables periodic boundary condition

to be implemented effectively. The resolution dmax refers to the

number of points along the longest edge, and two units are

added at each end of each cell edge. Each grid point outside

the cell has one equivalent point inside. If there are more than

one equivalent inside points, we choose the one closest to the

origin or—if this is still ambiguous—search for the smallest

component in the order x, y, z. Outside points are labeled with

the index of the translation vector pointing to the equivalent

inside point. This step depends only on the cell shape and the

resolution of the discrete grid, and the results can be cached

and used for other data files.

As shown in Figure 1a, we now construct spheres centered
on each atom with radii specified for each atom type (element).

In earlier work on alloys of Ge/Sb/Te[1,3] and Ag/In/Sb/Te,[25] the
radius was chosen to be the same (2.8 Å) for all elements (rC in

Fig. 1a). Points outside the simulation cell are replaced by
equivalent points inside. All points outside these spheres form

“cavity domains” (yellow in Fig. 1a), and the “cavity center” [X in
the 2D scheme 1(b)] is the center of the largest sphere that

does not overlap a neighboring atom. It is possible, for example
in unusually long, thin cavities, that more than one point satisfy

this condition approximately equally well, so that the center
can switch between them as a simulation proceeds.

Some structures are unusually sensitive to the choice of cut-

off radius rC and/or resolution, particularly when the cavity

domains are very small, and it is essential to carry out detailed

tests before performing production runs. The program

provides a warning when one or more cavity domains consist

of a single cell of the discretization grid. The calculation

should be repeated with a higher resolution to increase the

number of numerically stable cavity domains.

Domains and center-based cavities

A knowledge of the positions of the atoms and the cavity cen-

ter enables us to perform a Dirichlet-Voronoi construction (see

above) leading to the cavities shown as red in Figure 1b. Over-

lapping cavities from different domains are merged to form

“multicavities,” and the volumes and surface areas of cavities

and cavity domains are determined as follows.

Points in domains are grouped together by applying the

split and merge algorithm,[20] which consists of three main

steps for periodic cells. First, the discrete grid is split recursive-

ly into subgrids until they contain either atoms or domain

points. Subgrids containing atom points are not needed to

determine the domains and are ignored. During the split

phase, the direct neighbors of each subgrid are recorded, and

neighboring subgrid points are then merged to form the cavi-

ty domains. As noted above, these domains can be identified

as cavities by choosing an appropriate cutoff radius.[4]

Center-based cavities comprise points that are closer to

domain centers than to any atom, and their construction

Figure 1. Construction for a 2D geometry of a) “cavity domain” (yellow, cutoff
radius rC) and “surface-based cavity” (red), b) cavity center (X) and “center-
based” cavity red). [Color figure can be viewed at wileyonlinelibrary.com]

SOFTWARE NEWS AND UPDATES WWW.C-CHEM.ORG

390 Journal of Computational Chemistry 2017, 38, 389–394 WWW.CHEMISTRYVIEWS.COM
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*F. Heimbach, et al., J. Comput. Chem. 38, 389 (2017).

Cavities were calculated by PyMolDyn code*
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(Si–O)n ring statistics

Ring size distributions show subtle changes
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* Y. Hiraoka et al., Proc. Natl. Acad. Sci., 113, 7035 (2016).
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are concentrated in the small Death
(Ordering of siicon atoms) 

The ordering of silicon atoms 
stems from ring deformation

※Ring size distributions show subtle changes for densification

Si-centric PDs for densified SiO2 glasses
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stems from ring deformation

※Ring size distributions show subtle changes for densification

Blue: Si
Red: O

6-fold

7-fold

8-fold

6-, 7-, and 8-fold rings in the hot-
compressed glass exhibit the order of 
4-fold ring as the result of deformation

Ring structures extracted from the 
structural model of 1200 °C/7.7 GPa glass

Si-centric PDs for densified SiO2 glasses
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Structural ordering 
induced by hot compression

Normal SiO2 glass Hot-compressed glass
(1200 ℃/7.7 GPa)

4-fold

6-fold

8-fold

Rings are collapsed
 → ordering of Si atoms

Hot compression
at 1200 ℃/7.7 GPa

The distinct features in the network topology indicate that open 
structure of glass is collapsed, leading to ordering of Si atoms 
manifested by the evolution of FSDP
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The origin of mixed alkali effect in silicate glass

Y. Onodera et al., NPG Asia Mater. 11, 75 (2019).
“Origin of the mixed alkali effect in silicate glass”

✔ Constructing three-dimensional structural models of alkali silicate   
     glasses that reproduce quantum beam diffraction and NMR data
✔ Successfully extracted the structure responsible for the mixed alkali 
     effect, which plays a crucial role in glass properties
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Mixed alkali effect

*J. O. Isard, J. Non-Cryst Solids 1, 235–261 (1969).

If one alkali oxide is gradually replaced 
by another in a series of glasses, some 
physical properties change in an 
extremely non-linear manner

Mixed alkali effect

○︓(1-x)Na2O-xK2O-2SiO2
×︓ (1-x)Li2O-xNa2O-2SiO2
●︓ (1-x)Li2O-xK2O-2SiO2

Electrical resistivity 
for alkali silicate glasses* Electrical resistivity shows pronounced 

maxima in mixed alkali glasses

Structural origin for the mixed alkali effect 
in glass is still an interesting topic in glass science



© NIMS All Rights Reserved.

R2O–SiO2 glass
Nominal composition (mol%) Density

(g/cm3)Na2O K2O SiO2

Na100 22.7 77.3 2.429
Na50K50 11.3 11.3 77.3 2.439

K100 22.7 77.3 2.404
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Dielectric constants, εr, for 
22.7R2O–77.3SiO2 glass 

εr  for R2O–SiO2 glass shows:
✔ Non-linear trend as a function of K2O amount 
✔ Minimum value in Na50K50 glass
     (Ionic migration was inhibited by alkali mixing)

Na50K50

The mixed alkali effect

The mixed alkali effect in alkali silicate glasses
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The addition of alkali 
causes complex 
changes in FSDP
(intermediate-range 
structure)



Structure modelling (RMC–MD)

RMC (RMC++)
to fit SN(Q) & SX(Q) 

with geometrical constraints for Qn

MD**
to optimize configurations

Final RMC–MD models

Hard sphere Monte Carlo 
(HSMC) simulations

to reproduce Qn by NMR

RMC (RMC++)
to refine the configurations with 

constraints for Qn, Si–O 
coordination number, O–Si–O bond 

angle, partial g(r)s within the 1st 
coordination shell

Neutron structure factor, SN(Q)
(NOVA/J-PARC)
(Coherent scattering length,   
 bc: O > Si> K ≒ Na)
X-ray structure factor, SX(Q)
(BL04B2/SPring-8)
(Atomic form factors, 
 f(Q): K > Si> Na >O)

NMR*
(Ratio of Qn units)

Q2

R2O %

Q3Q4

Experimental dataset:

Number of particles: 3300
(alkali atoms: 500, Si: 850, O: 1950)

Yellow：Si
Red：Bridging O (BO)
Blue：Non-bridging O (NBO)

*Maekawa et al., J. Non-Cryst. Solids 127, 53 (1991).
**A. Pedone et al., J. Phys. Chem. B 110, 11780 (2006).
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RMC-MD simulations
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Black: experimental data
Red: RMC-MD (Na100) 
Green: RMC-MD (Na50K50) 
Blue: RMC-MD(K100)
Cyan: RMC-MD (SiO2) 

3D structure models of silicate glasses that reproduce experimental data 
were successfully constructed

X-ray S(Q)Neutron S(Q)



Qn units
Q4 Q3 Q2 Q1 Q0

Na100

NMR* 42.7% 55.8% 1.5% - -

RMC–MD 43.4% 54.4% 2.2% 0% 0%

RMC without NMR 49.1% 43.8% 6.5% 0.7% 0%

Na50K50

NMR* 42.4% 56.5% 1.2% - -

RMC–MD 42.8% 54.6% 2.5% 0% 0.1%

RMC without NMR 49.9% 41.6% 7.6% 0.7% 0.1%

K100

NMR* 42.0% 57.2% 0.8% - -

RMC–MD 43.6% 53.2% 3.2% 0% 0%

RMC without NMR 52.9% 36.1% 10.1% 0.8% 0%

*Maekawa et al., J. Non-Cryst. Solids 127, 53 (1991).

Structure modelling (RMC–MD)
Comparison of Qn distributions between NMR and RMC–MD model 

RMC–MD models successfully reproduced Qn distributions  
on the basis of the results of NMR
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Ring statistics and cavities in silicate glasses
SiO2 glass Na100 glass Na50K50 glass K100 glass
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equal cutoff for all elements (2.5 Å) was chosen in a

study of Ge/Sb/Te phase change materials.[4]

! “Center-based” cavities resulting from a Dirichlet-Voronoi con-

struction using the atomic positions and the cavity centers.

! “Surface-based” cavities,[1] where the boundaries are deter-

mined by Dirichlet-Voronoi constructions from each point

on the domain surface to neighboring atoms, have been

used in numerous studies of phase change materials.[3,23,24]

The code, the ways to access it, and the online documenta-

tion are described below, and an application demonstrates

some of its features.

Definitions and Algorithms

Essential input for a calculation of cavities and their properties

is the location of the atoms, which is often provided as a list

of coordinates and atom types within an appropriate unit cell.

However, the definition of a cavity is not unique and is a

prerequisite for any study. Calculation of pair distribution func-

tions (PDF) involving cavities (with atoms and with other cavi-

ties) means that we must also associate appropriate

coordinates with the center of each cavity. We now define cavi-

ties and describe how we calculate their centers.

Cavity domains and cavity centers

The first step is the discretization of the simulation cell by cre-

ating a cuboid grid containing the cell bounding box and a

surrounding layer, which enables periodic boundary condition

to be implemented effectively. The resolution dmax refers to the

number of points along the longest edge, and two units are

added at each end of each cell edge. Each grid point outside

the cell has one equivalent point inside. If there are more than

one equivalent inside points, we choose the one closest to the

origin or—if this is still ambiguous—search for the smallest

component in the order x, y, z. Outside points are labeled with

the index of the translation vector pointing to the equivalent

inside point. This step depends only on the cell shape and the

resolution of the discrete grid, and the results can be cached

and used for other data files.

As shown in Figure 1a, we now construct spheres centered
on each atom with radii specified for each atom type (element).

In earlier work on alloys of Ge/Sb/Te[1,3] and Ag/In/Sb/Te,[25] the
radius was chosen to be the same (2.8 Å) for all elements (rC in

Fig. 1a). Points outside the simulation cell are replaced by
equivalent points inside. All points outside these spheres form

“cavity domains” (yellow in Fig. 1a), and the “cavity center” [X in
the 2D scheme 1(b)] is the center of the largest sphere that

does not overlap a neighboring atom. It is possible, for example
in unusually long, thin cavities, that more than one point satisfy

this condition approximately equally well, so that the center
can switch between them as a simulation proceeds.

Some structures are unusually sensitive to the choice of cut-

off radius rC and/or resolution, particularly when the cavity

domains are very small, and it is essential to carry out detailed

tests before performing production runs. The program

provides a warning when one or more cavity domains consist

of a single cell of the discretization grid. The calculation

should be repeated with a higher resolution to increase the

number of numerically stable cavity domains.

Domains and center-based cavities

A knowledge of the positions of the atoms and the cavity cen-

ter enables us to perform a Dirichlet-Voronoi construction (see

above) leading to the cavities shown as red in Figure 1b. Over-

lapping cavities from different domains are merged to form

“multicavities,” and the volumes and surface areas of cavities

and cavity domains are determined as follows.

Points in domains are grouped together by applying the

split and merge algorithm,[20] which consists of three main

steps for periodic cells. First, the discrete grid is split recursive-

ly into subgrids until they contain either atoms or domain

points. Subgrids containing atom points are not needed to

determine the domains and are ignored. During the split

phase, the direct neighbors of each subgrid are recorded, and

neighboring subgrid points are then merged to form the cavi-

ty domains. As noted above, these domains can be identified

as cavities by choosing an appropriate cutoff radius.[4]

Center-based cavities comprise points that are closer to

domain centers than to any atom, and their construction

Figure 1. Construction for a 2D geometry of a) “cavity domain” (yellow, cutoff
radius rC) and “surface-based cavity” (red), b) cavity center (X) and “center-
based” cavity red). [Color figure can be viewed at wileyonlinelibrary.com]

SOFTWARE NEWS AND UPDATES WWW.C-CHEM.ORG
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Glass Na100 Na50K50 K100

NNa–O 4.2 4.1 -
NNa–BO 2.1 2.0 -
NNa–NBO 2.1 2.1 -

NK–O - 5.2 4.4

NK–BO - 2.9 2.3

NK–NBO - 2.3 2.1

Na–O and K–O coordination number analysis

Alkali–oxygen coordination numbers were calculated from RMC–MD models 

NK–BO in Na50K50 glass is larger 
than that in K100

The alkali–NBO coordination 
number is approximately 2

R2O
Yellow：Si
Red：Bridging O (BO)
Blue：Non-bridging O (NBO)
Cyan：R＝Na, K

Breaking a Si–O bond 
One BO -> Two NBOs

δ-

δ-
R+

R+

Two alkali ions are 
incorporated around the NBOs 
to compensate for the 
negative charges of the NBOs

First coordination distance:
  Na–O: 3.0 Å, K–O: 3.3 Å
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Two alkali ions are incorporated around the 
NBOs to compensate for the negative charges

Extraction of the origin of mixed alkali effect

R2O

δ-

δ-
R+

R+

Na100 glass K100 glassNa50K50 glass

Yellow: Na, Cyan: K, Red: BO, Cyan: NBO

The SiO4 network modification by Introducing the alkali oxide (R2O)

Yellow: Si
Red: Bridging O (BO)
Blue: Non-bridging O 
          (NBO)
Cyan: R＝Na, K

Breaking a Si–O bond 
One BO → Two NBOs

Four-membered ring with R2NBO2 are formed
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Extracted structures stands for 
the mixed alkali effect in Na50K50 glass
Extracted structures surrounding alkali in Na50K50glass

Na50K50 glass

Yellow: Na
Grey: K
Red: BO
Cyan: NBO

Typical bottle neck structure

The specific correlations between the different alkali ions profoundly inhibits 
the ionic migration in Na50K50 glass 

The local environment of K ions in the highly coordinated K–O polyhedra (black) 
is significantly different from that of Na ions in the four coordinated Na–O polyhedra

K ion is trapped by a higher number of BO atoms in Na50K50 glass

Edge-sharing between 
(Na–O)x and (K–O)x polyhedra
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Formation of a zirconium oxide crystal 
nucleus in the initial nucleation stage 
in aluminosilicate glass

Y. Onodera et al., 
NPG Asia Mater., 16, 22 (2024).
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Introduction: Glass-ceramics

Zirconium oxide (ZrO2)-doped aluminosilicate systems
: the most important commercial glass-ceramics

The Zr4+ environment in the early stage of nucleation was not well understood

Glass-ceramics are composed precipitated crystals and a glass matrix

Thermal treatment
at a suitable temperature

Glass Glass-ceramic

Indistinguishable by naked eyes

Transparent
Insulator
High mechanical strength
Fragile
Susceptible to rapid 
temperature change 

Strong (compared with glass)
Thermal shock resistance

Micro crystals 
are dispersed !

Transparent
Insulator
High mechanical strength

gyroscopes. The best known low-expansion optical material is
the glass-ceramic Zerodur! manufactured by Schott. Its com-
position has been designed specifically for maximum tempera-
ture–time stability of the metastable !-quartz phase and for
constant thermal expansion characteristics within this range.12
Ambient temperature changes from −50° to +50°C produce
length changes of only a few parts per million. This property is
critical for applications, such as telescope mirrors, in which
large volumes are cast, to ensure constant thermal expansion
over the entire volume. This glass-ceramic can be readily pol-
ished to optical quality as required for reflective mirrors. Ze-
rodur! also is used as the base block for ring laser gyroscopes,
which have generally replaced mechanical gyroscopes in air-
planes. The gyroscopes operate on the principle of interfering
clockwise and counterclockwise laser beams. The resulting
beat frequency is carefully monitored and provides excellent
accuracy. Recently, a giant ring gyroscope cast in a 1.2 m
square slab of Zerodur! was installed underground in New
Zealand to record minute fluctuations in the earth’s rotation.13

(3) Transparent Mullite Glass-Ceramics
Mullite is a nonstoichiometric compound whose composi-

tion generally lies between 3Al2O3"2SiO2 and 2Al2O3"SiO2. Its

crystal structure is derived from that of sillimanite, with chains
of AlO6 octahedra crosslinked by (Si,Al)O4 tetrahedra.
Whereas sillimanite has silicon and aluminum cations ordered
on the tetrahedral sites, mullite has excess Al3+ for Si4+, with
charge balance provided by oxygen vacancies. In other words,
mullite has a defect sillimanite structure derived by 2Si4+ +
O2 " 2Al3+ + !, with a typical oxygen vacancy of 2%–6%.
These substitutions create a tribridging oxygen position: oxy-
gen ions that are bonded to three aluminum ions. These oxygen
ions have a net local charge of +e/4 but are nevertheless
stable.14
In addition to the Al3+ for Si4+ solid solution, B3+ commonly

enters the tetrahedral sites. In fact, the compound 9Al2O3"
2B2O3 has the mullite structure. The six-cation formula for the
borate end member is Al4.91B1.09O9, with a full 10% oxygen
vacancy. This maximum vacancy also is observed in the meta-
stable synthetic form of alumina, #-Al2O3, or Al6O9.
Metastable solid solutions containing ZnO and/or MgO also

have been postulated.15 These solid solutions involve partial or
complete replacement of the M2 tetrahedral aluminum by zinc
or magnesium ions with a double substitution in 3:2 mullite of
either

Zn2+(M2) + Si4+(M1) → Al3+(M2) + Al3+(M1)

or

2Zn2+(M2) + !(O3) → 2Al3+(M2) + O2−(O3)

The former substitution gives a maximum zinc unit-cell for-
mula of Al3.5Zn0.5Si2.0O9.75 (7Al2O3"2ZnO"8SiO2 stoichi-
ometry), whereas the latter gives a maximum formula of
Al4.0Zn0.5Si1.5O9.5 (4Al2O3"ZnO"3SiO2 stoichiometry). These
zinc substitutions would be favored because the excess charge
on the tribridging oxygen would be removed.
Transparent mullite glass-ceramics can be produced from

simple binary glasses in the Al2O3–SiO2 system.16 It long has
been known that binary Al2O3–SiO2 glasses with >10 mol%
Al2O3 spontaneously phase separate on cooling to two amor-
phous phases, with mullite crystallizing spontaneously within
the Al2O3-rich regions. Additions of components—such as
B2O3, MgO, ZnO, BaO, and alkali—improve the melting char-
acteristics of these otherwise refractory glasses as well as sup-
press their spontaneous phase separation, yielding stable

Radiant stovetop composed of nanocrystalline !-quartz solid-solution glass-ceramic with near-zero coefficient of thermal expansion (photo-
graph courtesy of Eurokera, S.N.C.).

Fig. 5. Transmission of a Corning glass-ceramic cooktop versus
tungsten–halogen lamp. (After Partridge, 1994.)

8 Journal of the American Ceramic Society—Beall and Pinckney Vol. 82, No. 1

21American Ceramic Society Bulletin, Vol. 89, No. 8

astonished Stookey observed a white 
material that had not changed shape.

He then accidentally dropped the 
piece on the floor, but it did not shat-
ter, contrary to what might normally 
have been expected from a piece of 
glass! He was surprised by the unusual 
toughness of that material. Stookey 
had accidentally created the first glass-
ceramic, denominated Fotoceram.17

In their book, Volfram Hoeland and 
George Beall mention that “knowledge 
of the literature, good observation skills 
and deductive reasoning were clearly 
evident in allowing the chance events 
to bear fruit.” This glass-ceramic was 
later known also as Pyroceram. This first 
synthetic glass-ceramic eventually led 
to the development of CorningWare in 
1957.17 It also influenced the develop-
ment of Vision, a transparent cookware. 
CorningWare entered the consumer 
marketplace in 1958 and became a mul-
timillion dollar product.

The scientific and commercial 
importance of glass-ceramics was recog-
nized by the International Commission 
on Glass, which established TC-7, 
the “Nucleation, Crystallization and 
Glass-Ceramic Committee” (www.icg.
group.shef.ac.uk/tc7.html) about three 
decades ago. Figure 1 shows some past 
and present TC-7 members and guests.

Commercial glass-ceramic  
products

The first commercially viable glass-
ceramic was developed in the aerospace 
industry in the late 1950s as radomes 
to protect radar equipment in the 
nosecones of aircraft and rockets. Glass-
ceramics used in these applications 
must exhibit a challenging combina-
tion of properties to withstand critical 
conditions resulting from rain erosion 
and atmospheric reentry: homogeneity; 
low dielectric constant; low coefficient 
of thermal expansion; low dielectric 
loss; high mechanical strength; and 
high abrasion resistance. Glass-ceramics 
now are used in nosecones of high-
performance aircraft and missiles. No 
glass, metal or single crystal can simul-
taneously meet all of these relevant 
specifications.10

Another class of traditional, but still 

modern and very inter-
esting glass-ceramics, 
is represented by 
Corning’s Fotoceram 
(also invented by 
Stookey) and Schott’s 
Foturan. These glass-
ceramics can be pat-
terned by ultraviolet 
light and selectively crystallized by ther-
mal treatments. The crystallized regions 
then are completely dissolved by acid 
etching. The patterned glass can be used 
as-is or can be heated once more to form 
polycrystalline glass-ceramic plates that 
have high-precision holes, channels or 
any desired intricate pattern. The prod-
ucts are used in electronics, chemistry, 
acoustics, optics, mechanics and biology 
in applications that include microchan-
nels in optical fibers, ink-jet printer 
heads, substrates for pressure sensors and 
acoustic systems in head-phones.10–12

Consumer products
Corning, Schott, St. Gobain, 

Nippon, Ohara, Ivoclar and few others 
presently produce commercial glass-
ceramics for consumer and special-
ized markets. We could not confirm 
whether Fuji Photo, Japan; Pittsburg 
Plate Glass, U.S.; NGK Insulators, 
Japan; Sklo Union, Czech Republic; 
CBP Engineering, U.K.; International 
Ceramics, U.K.; and Konstantinovskii, 
Russia; remain active in the glass-
ceramic business.11

A range of commercially successful 
glass-ceramics for consumer applica-
tions include famous brands of low-
expansion products that are resistant 
to thermal shock: CorningWare; and 
Vision – a transparent glass-ceramic. 
Cooktop plates, such as Schott’s Ceran, 
Eurokera’s Kerablack and Nippon 
Electric Glass’ Neoceram also are avail-
able. These products rely on their rela-
tively high toughness (compared with 
glasses), appealing aesthetics and very 
low thermal expansion coefficient.

The most important system commer-
cially is the Li2O–Al2O3–SiO2 (LAS) 
system with additional components, 
such as CaO, MgO, ZnO, BaO, P2O5, 
Na2O and K2O. Fining agents include 
As2O5 and SnO2. ZrO2 in combinations 

with TiO2 are the most commonly used 
nucleation agents. The main crystalline 
phase is a β-quartz solid solution, which 
is highly anisotropic and has an overall 
negative TCE. LAS glass-ceramics can 
sustain repeated and quick tempera-
ture changes of 800°C to 1000°C. The 
dominant crystalline phase of these 
glass-ceramics, β-quartz solid solution, 
has a strong negative CTE.

Keatite solid solution (β-spodumene) 
also has a negative CTE, higher than 
β-quartz solid solution. The negative 
CTE of the crystal phase contrasts 
with the positive CTE of the residual 
glass. Adjusting the proportion of these 
phases offers a wide range of possible 
CTEs in the finished composite. For 
most current applications, a low or zero 
CTE is desired. A negative CTE also is 
possible. At a certain point, generally 
between 60 and 75 percent crystallin-
ity, the overall negative expansion of 
the crystal phase(s) and the positive 
expansion of the residual glass phase 
cancel each other. Thus, the glass-
ceramic as a whole has a TCE that is 
very close to zero. But such a balance 
is not straightforward, because the rela-
tive stiffness of the glass and crystal 
phases also is important.

Glass-ceramics also can be adjusted 
to match the CTE of the material to 
which they will be bonded. LAS glass-
ceramics were originally developed 
for use in mirrors and mirror mounts 
of astronomical telescopes. They now 
have become known and have entered 
the domestic market through their use 
in cooktops, cookware and bakeware as 
well as high-performance reflectors for 
digital projectors. Other well-known 
brands of these low-expansion glass-
ceramics are Ceran, Kerablack and 
Neoceram (cooktops); and Robax, 
Keralite and Neoceram (stoves and fire-
places). Nippon Electric Glass’s related 

Fig. 2 Glass-ceramic teeth.E. D. Zanotto, 
Am. Ceram. Soc. Bull., 
89, 19 (2010).
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✔Three exothermic peaks: 800, 860, 1045 ℃
✔Glass transition temperature: 745 ℃

The pristine glass was annealed at 770 ℃ for various durations (1–48 h)

A series of glass-ceramic samples 
at different nucleation stages

component mol%
SiO2 70.7
Al2O3 14.3
P2O5 0.7
ZrO2 2.9
Li2O 9.3
Na2O 2.1
Total 100.0

Pristine glass composition Differential scanning calorimetry (DSC) curve

Nucleation of ZrO2

Aim of this study
Investigating a ZrO2 crystal nucleus 

in the initial nucleation stage in aluminosilicate glass
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Element-specific pair distribution 
function analysis for
short- and intermediate-range structure

Glass Glass-ceramic

Micro crystals 
are dispersed !

Heat treatment
at a suitable temperature

Zr4+ environment in the initial nucleation stage?? 

Anomalous
X-ray scattering

0.1 nm (1 Å) 1 nm 10 nm 100 nm

Small angle X-ray scattering
X-ray diffraction

EXAFS

Nearest-neighbor distance
(short-range) Inter-polyhedral 

correlation
(intermediate-range)

Crystal lattice Phase separation

Distance
Magnitude of 
scattering vector,
 Q

X-ray multiscale structural analysis

Aim of this study
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✔Subtle XRD peaks assigned to cubic or tetragonal ZrO2 (≧ 4 hours)
✔The size of the ZrO2 crystallites was almost unchanged
   (only the number of the ZrO2 crystallites increased)
✔Contrast in Zr concentration between Zr-poor and Zr-rich regions increased
   (the pristine glass has an inherent inhomogeneous structure)
✔The distance between Zr-rich and Zr-poor regions was unchanged

In-house X-ray diffraction (XRD) patterns
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Small angle X-ray scattering 
(SAXS) profiles

Nanoscale structural change by annealing:

0 h

48 h

Annealing
duration

X-ray diffraction and small angle X-ray scattering
– nanoscale structure analysis
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Fourier transform of k3-weighted EXAFS functions

Zr–O

✔The Zr–O coordination number gradually increased over 4 h of annealing 
→ reached approximately 7 after 48 h

✔ The EXAFS spectra for the 48-h-annealed and YSZ samples were almost the same 
    → Cubic or tetragonal ZrO2 microcrystalline phase (not monoclinic)
Observing atomic correlations beyond the first coordination shell in glass-ceramics

during the early stage of nucleation was difficult

YSZ: yttria-stabilized ZrO2

EXAFS data – short-range structure analysis

Zr–Zr
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X-ray energy

X-ray absorption edge

Near edge

Far edge

f'

1050
Q (Å–1)take the difference

Δ
S(

Q
) Zr B

B B

ZrZr

Only structural information related to specific element are obtained by taking the 
difference between X-ray scattering patterns measured at far edge and near edge

*Y. Waseda. Springer-Verlag, Heidelberg (1984).

Anomalous variations in the X-ray atomic form factor of a specific element 
close to the absorption edge due to the influence of the anomalous dispersion term, f’

AXS provides element-specific pair distribution functions (PDF) including 
structural information beyond the nearest-neighbor distance

∆!"𝑆 𝑄
= 0.033𝑆!"!" 𝑄 + 0.312𝑆!"#$ 𝑄 + 0.117𝑆!"%& 𝑄 + 0.018𝑆!"'$ 𝑄 + 0.015𝑆!"() 𝑄 + 0.521𝑆!"* 𝑄

f(Q, E) = f0(Q) + f ’(E) + if ”(E)

Anomalous X-ray scattering (AXS)* experiment



© NIMS All Rights Reserved. *K. Ohara et al., J. Phys.: Condens. Mater, 33, 383001 (2021).

AXS spectrometer installed at BL13XU/SPring-8*

X-rays

Vacuum chamber

Beam stop

Slits

LiF analyzer crystal

NaI (Tl) scintillation detector

AXS measurements at two incident X-ray energies:
  17.81 keV (Zr far edge, Efar) 
  17.99 keV (Zr near edge, Enear)

SPring-8
http://www.spring8.or.jp

Sayo, 
Hyogo
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AXS data (Zr K-edge)
– short- and intermediate-range structure analysis
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Total X-ray scattering intensities

Pristine glass 

2 h annealed

4 h annealed

FSDP

Red: far, Blue: near

*S. Kohara et al., J. Phys. Condens. Matter, 17, S77 (2005).

component mol%
SiO2 70.7
Al2O3 14.3
P2O5 0.7
ZrO2 2.9
Li2O 9.3
Na2O 2.1
Total 100.0

Sample composition

✔ The lower-Q behavior of ΔZrIcoh(Q) supported the SAXS data

✔ The Zr-related structure at short- and intermediate-range scales underwent changes      
    upon thermal treatment
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Bragg peaks
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Zr–O

Zr–Si/Al

Differential structure factors Differential total correlation functions

Zr–O–Si/Al bond

Zr–O polyhedron
(Si/Al)O4
tetrahedron

✔Zr–O coordination number increased from 5.1 to 6.0 with increasing annealing duration

✔Edge-sharing between ZrOx polyhedron and (Si/Al)O4 tetrahedron
 → not a typical structural feature of glass-forming materials

Zr–Zr

∆!"𝑆 𝑄
= 0.033𝑆!"!" 𝑄 + 0.312𝑆!"#$ 𝑄 + 0.117𝑆!"%& 𝑄 + 0.018𝑆!"'$ 𝑄 + 0.015𝑆!"() 𝑄 + 0.521𝑆!"* 𝑄

AXS data (Zr K-edge)
– short- and intermediate-range structure analysis
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3 nm

Zr-rich regionZr-poor region
Glass

Annealing
(770 ℃, 4 hours)

3 nm

Zr-rich
(ZrO2 crystallite)

Zr-poor
(glassy region)

Glass-ceramic (4 h annealed)

Nanometer scale
・Increase in contrast 
    in Zr concentration 
    between Zr-poor and
    Zr-rich regions 
・Formation of ZrO2
      crystal nucleus in
 Zr-rich region

Initial crystal nucleus for the Zr-doped 
lithium aluminosilicate glass-ceramic 

Nanoscale and intermediate-range structures of 
pristine glass and 4-h-annealed glass-ceramics

Zr

Si or Al
O

Short–intermediate range scale
・Formation of Zr–O–Si/Al
    bonds between ZrO2 
    crystal nucleus and 
    glassy region (edge-sharing 
    ZrOx and (Si/Al)O4)

Edge-sharing



© NIMS All Rights Reserved.

Summary

1. We succeeded in characterizing the network topology in densified SiO2 
glasses in terms of persistent homology. The distinct features in the 
network topology indicate that open structure of glass is collapsed, 
leading to ordering of Si atoms manifested by the evolution of FSDP.

2. We constructed the most reliable structural models for the alkali silicate 
glasses by using the combined RMC–MD method and succeeded in 
reconsidering the mixed alkali effect based on the behaviors of the alkali 
ions around the NBO atoms as well as the modification of the Si–O 
network by the addition of alkali oxides.

3. Anomalous X-ray scattering data showed the formation of edge sharing 
between the ZrOx polyhedra and (Si/Al)O4 tetrahedra during the initial 
nucleation stage of aluminosilicate glass. The local structure of Zr 
resembled a cubic or tetragonal ZrO2 crystalline phase and formed after 2 
h of annealing the pristine glass (the initial crystal nucleus for the Zr-
doped lithium aluminosilicate glass-ceramic).


