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Synthesis of hyperordered permanently densified silica glasses
by hot compression above the glass transition temperature
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Synthesizing densified glasses with structure ordering is an important issue for the development of new optical
fibers with high refractive index and low dispersion. Herein, we report on our attempt to synthesize densified
silica (SiO,) glasses by hot compression at a pressure of 7.7 GPa and temperatures above 1200 °C. We succeeded
for the first time in recovering densified SiO, glasses compressed at 7.7 GPa and 1300 °C. Samples compressed
above 1300 °C were crystallized into coesite by heterogeneous nucleation. The height of the first sharp diffraction
peak in high-energy X-ray and neutron diffraction data of densified SiO, glasses increased with increasing
temperature, indicating the evolution of intermediate-range ordering. Furthermore, the density increase of hot-
compressed SiO, glasses was estimated by analyzing reduced pair distribution functions. We found that the SiO,
glass compressed at 7.7 GPa and 1300 °C is by far the most densified and structurally ordered (hyperorderd)

glass in the world.
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1. Introduction

The theory of glass transition" is one of the important
topics in glass science, and unraveling the glass structure is
the first step to understanding the origin of glass transition.
Silica (SiO,) is a prototypical network-forming oxide
material, and the SiO, glass has been the most intensively
studied glass from ambient to extreme conditions such as
high temperatures®> and high pressures,¥2 since liquid
SiO, is a “strong liquid*®”, which results in a glass-
forming material. In particular, a permanently densified
SiO, glass is an essential scientific target to understand
“polyamorphism®”2%” and the formation of a “perfect
glass3032,

The synthesis of a permanently densified glass at high
temperatures and pressures was reported by Mackenzie in
1963.333% Inamura et al. reported the structure and dy-
namics of a cold-compressed densified glass analyzed by
neutron diffraction,!"-* Raman spectroscopy,'” and neu-
tron inelastic scattering.>> They confirmed that a network
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comprising SiOy tetrahedra with the corner sharing of oxy-
gen atoms is stable up to ~20 % densification. The modi-
fication of an intermediate-range structure can be ascribed
to the decrease in cavity volume associated with the modi-
fication of intermediate-range ordering. They also ascribed
the modification to the suppression of low-energy dynam-
ics on the basis of their analysis of the behavior of neutron
dynamical structure factors. Their conclusion is supported
by a recent study by Wakabayashi et al.’® using Raman
spectroscopy and X-ray diffraction. For in situ measure-
ments, Sato and Funamori!”»?? reported the results of their
X-ray diffraction measurements at pressures up to 100 GPa
at room temperature (RT) and they observed the trans-
formation from SiOj, tetrahedra to SiO¢ octahedra at 35-40
GPa. Zeidler et al. pointed out the role of SiOs polyhedra
in tetrahedral-to-octahedral transformation on the basis of
the results of neutron diffraction and classical molecular
dynamics (MD) simulation.?!) Conversely, the structural
modification of SiO, glasses at high pressures and high
temperatures is not so well understood owing to the lack of
experimental information.

The most important work was conducted by Inamura
et al. at high pressures up to 9.9 GPa, in which the modi-
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fication of the first sharp diffraction peak (FSDP) by in-
creasing temperature up to 800°C was observed.'® They
predicted the formation of a stable structure at high pres-
sures, but they were unable to recover the glass under
ambient conditions for consistency. Trachenko and Dove
performed classical MD simulation under high pressures
and high temperatures and observed rebonding during den-
sification.'? They also found an analog of the “reversibility
window” observed in chalcogenide glasses.'® Huang and
Kieffer studied amorphous—amorphous transitions by clas-
sical MD simulation and discussed thermomechanical
anomalies!'? and the densification limit."> However, the
modification of the FSDP induced by a high temperature
and a high pressure, and the amorphous—amorphous tran-
sition are still unsolved issues.

Guerette et al. reported the fabrication of densified
glasses at 1100°C and up to 8 GPa.3” The density of the
glasses they densified at 1100°C and 8 GPa is ~25%
larger than that of a pristine glass. Furthermore, a Young’s
modulus increase of ~71 % relative to that of the pristine
glass under ambient condition was achieved. Although
they carried out X-ray diffraction measurements and MD
simulation, structural differences between hot- and cold-
compressed glasses are still unclear. Accordingly, it is im-
portant to clarify the structure of SiO, glasses synthesized
above the glass transition temperature 7, of ~1180°C to
develop methods of synthesizing perfect glasses.’??)
Previous studies on densified SiO, glasses have been
reviewed in detail by Kapoor et al.>®

Onodera et al. have recently reported the structure and
density of SiO, glasses recovered after hot compression at
a pressure of 7.7 GPa and temperatures up to 1200°C.>?
They observed FSDP evolution in the X-ray diffraction
data of glasses compressed at 7.7 GPa and a temperature
higher than 400 °C. The sharpest FSDP was observed in
the X-ray diffraction data of glasses compressed at 1200 °C
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and 7.7 GPa. They also prepared a densified glass by cold
compression at a pressure of 20 GPa and RT. Although the
densities of those two glasses are the same (hot-compressed
glass, 2.72g/cm’; cold-compressed glass, 2.71 g/cm?®),
FSDP evolution is only observed in the X-ray diffraction
data of the hot-compressed glass. In addition, the hot-
compressed glass was stable for at least 1.5 years under
ambient conditions, whereas the cold-compressed glass
showed a reduction in density by 2.8 % after 1.5 years,
suggesting that a permanently densified SiO, glass can be
obtained only by hot compression.

In this article, we report on the synthesis of densified
Si0O, glasses by hot compression at a pressure of 7.7 GPa
and temperatures above 1200°C because samples com-
pressed at 7.7 GPa and above 1200 °C were found to crys-
tallize by heterogeneous nucleation in a previous study.>”
The structure of densified SiO, glasses was probed by
high-energy X-ray diffraction and neutron diffraction mea-
surements in conjunction with density analysis employing
the reduced pair distribution function.

2. Experiments

Densified glasses were prepared from cylindrical (5.0
mm diameter, 1.8 mm thick) synthetic fused SiO, (ES,
Tosoh Corp.). The prepared glass sample were designated
according to their processing conditions, e.g., 1300°C/
7.7 GPa refers to the glass sample recovered after hot com-
pression at 1300°C and 7.7 GPa. The glasses were syn-
thesized at a pressure of 7.7 GPa and temperatures up to
1500 °C using a belt-type high-pressure apparatus (FB30H,
NIMS)*® which can generate pressures up to about 8 GPa.
Since the applied pressure value was confirmed by the
phase transition of Bi at 7.7 GPa, the pressure at synthesis
was set to 7.7 GPa. A schematic of the apparatus is shown
in Fig. 1(A). Because the apparatus compresses a sam-
ple through its upper and lower anvils, it has excellent
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hydrostatic pressure and can retrieve relatively large sam-
ples for a high-pressure generator. To remove surface im-
purities that cause heterogeneous nucleation, the starting
glass was soaked in hydrofluoric acid and hydrochloric acid
for 10 min each, dried, and then sonicated with acetone for
10 min to clean its surface. The cleaned glass was encap-
sulated in a copper sleeve, tantalum foil, and graphite lid.
The copper sleeve and tantalum foil, which forms the
interface with the glass, are surface-treated by the same
process as the starting glass. The synthesis conditions are
shown in Fig. 1(B). The glass was compressed at a pressure
of 7.7 GPa and then heated from 25 to 300 °C within 10 min
and from 300 °C to target temperatures of 400, 1200, 1300,
1400, and 1500 °C within ~1 min. The target temperature
was maintained for 30 min before the sample was cooled to
300 °C within 5 min and from 300 °C to RT within 10 min.
Finally, the pressure was slowly released and the sample
was recovered. The picture of the pristine glass, the glass
densified at 1300 °C and 7.7 GPa, and the crystallized sam-
ple is shown in Fig. 1(C). It can be seen that the densified
glass shows internal cracks whereas the pristine glass is
transparent.

High-energy X-ray diffraction experiments were carried
out on the BL04B2*! beamline at SPring-8 (Hyogo, Japan)
using the diffractometer dedicated to disordered materials.
The incident X-ray energy was 61.24 keV. The diffraction
patterns of glasses were measured in transmission geom-
etry. The intensity of incident X-rays was monitored in an
Ar-filled ionization chamber, and the scattered X-rays were
detected by four CdTe detectors and three Ge detectors.
A vacuum chamber was used to suppress air scattering
around a sample. The raw data obtained were corrected for
polarization, absorption, and background signals, and the
contribution of Compton scattering was subtracted using
a standard data analysis program.*” Neutron diffraction
measurements were conducted using on a NOVA diffrac-
tometer*?) installed on the BL21 beamline of the Materials
and Life Science Facility (MLF) at the J-PARC spallation
neutron source (Ibaraki, Japan). The wavelength range of
the incident neutrons was 0.12A < A < 8.3 A. The glass
sample was transferred into a V-Ni null alloy cell with an
outer diameter of 6.0 mm and a thickness of 0.1 mm. Each
sample held in a V-Ni cell, the empty container, the empty
instrument, and a vanadium standard for normalization
purposes were measured. The scattering intensity observed
in the sample was corrected for the background and atten-
uation signals of the sample and cell, and then normalized
by the incident beam profile. The corrected data sets were
normalized to obtain the Faber-Ziman*¥ total structure
factor S(Q). The reduced pair distribution function G(r)
was obtained by a Fourier transform of S(Q),

2 Qmax
G(r>=;f 0IS(Q) — 11sin(QPdQ. (1)

min

3. Results and discussion

Figure 2(A) shows the X-ray and neutron total structure
factors, S(Q) of the pristine glass and a series of hot-
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Fig. 2. (A) The X-ray and neutron total structure factors, S(Q)
of the pristine glass and hot-compressed SiO, glasses. X-ray S(Q)
are displaced upward by 1.5 for clarity. (B) Correlation length
27/ AQrspp extracted from the X-ray total structure factors, S(Q)
of the pristine glass and hot-compressed SiO, glasses.

compressed SiO, glasses compressed at 7.7 GPa and dif-
ferent temperatures. Note that the X-ray S(Q) are displaced
upward by 1.5 for clarity. We can see the typical structure
with three peaks in neutron diffraction data: O, (FSDP), O,
[principal peak (PP)], and Qs. The FSDP is an important
peak for discussing the formation of intermediate order-
ing*>*® in SiO, glass, which reflects the periodicity of
boundaries between successive cages in the network
formed by connected regular SiOj tetrahedra with shared
oxygen atoms at the corners associated with the formation
of a ring structure and a cavity. The most striking feature
of the S(Q) of hot-compressed glasses is that the height of
the FSDP in the X-ray and neutron S(Q) decreases at
400 °C and increases at a temperature higher than 400 °C.
The height of the FSDP reaches a maximum at 1300 °C in
the X-ray S(Q), whereas that of the neutron S(Q) does not
change so significant, suggesting that the difference arises
from the different weighting factors of each atomic corre-
lation (Si-Si, Si—O, and O-0) for X-rays and neutrons.
The second peak, PP, can be observed in only neutron
diffraction data, which becomes sharp with increasing
temperature (density) at 7.7 GPa. This feature is consistent
with that in in situ high-pressure neutron diffraction data
measured at RT reported by Zeidler et al.,?! indicating that
the PP reflects the increased packing fraction of oxygen
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atoms*” occupying the corner of SiO, tetrahedra. Neutron
diffraction data of the samples synthesized at tempera-
tures above 1400 °C show a Bragg peak at approximately
0 =2A"! whereas X-ray diffraction data do not show
any Bragg peaks. This is considered to be due to small
amounts of crystals formed in the samples. Since the beam
size in high-energy X-ray diffraction experiments is
smaller than that in neutron diffraction experiments, the
diffraction data from only a glassy part was observed in the
X-ray diffraction measurements.

The correlation length represented by 27/AQgspp,
where AQgspp is the full width at half-maximum of the
FSDP, was extracted from the X-ray S(Q) of the pristine
glass and a series of hot-compressed SiO, glasses using a
Lorenzian function [Fig. 2(B)]. The correlation length for
densified SiO, glasses decreases at 400 °C and then in-
creases with processing temperature, reaching a maximum
for 1300 °C/7.7 GPa, which is consistent with the behavior
of the height of the FSDP. The correlation lengths for
400°C/7.7 GPa and 1200°C/7.7 GPa show good agree-
ment with those reported by Onodera et al.*® This behavior
is in consistent line with that of the peak position observed
at £~ 10eV of reflectance spectra in the vacuum ultra-
violet region reported by Masuno et al.,’” although the
refractive index monotonically increases in hot-compressed
glasses. Furthermore, a correlation length of 13.0 A was
obtained for 1300 °C/7.7 GPa, which is larger than that for
1200°C/7.7GPa reported by Onodera et al.,** demon-
strating that the densified SiO, glass synthesized at
1300°C/7.7GPa is by far the most structurally ordered
(hyperordered) glass in the world. Conversely, it is found
that the correlation length decreases above 1400 °C. There
are two possible reasons for this. The first is the possibility
of melting. However, the melting point is approximately
2700 °C at 7.7 GPa, according to the phase diagram of the
glass at high pressures and high temperatures reported by
Zhang et al.,>" which excludes melting as a reason. The
second possibility is the effect of glass transition. Bianchi
et al. demonstrated that the glass transition temperature
of polyvinyl chloride tends to increase with increasing
pressure.”? Although we cannot definitively confirm that
the trends for polyvinyl chloride and SiO, glass are the
same, the glass transition temperature of SiO, may have
increased at 7.7 GPa.

Figure 3 shows the X-ray reduced pair distribution
functions G(») of the pristine glass and a series of hot-
compressed SiO, glasses. G(r) is obtained from the mea-
sured S(Q) via Fourier transform, and can be described as:

G(r) = 4mrplg(r) — 1], 2

where r is the distance in real space, p is the average
number density of atoms, and g(r) is the pair distribution
function that describes the probability of finding an atomic
pair separated by a certain distance r. The nearest-neighbor
Si-O correlation peak is observed at approximately 1.6 A.
The G(r) in the shorter distance region is given as:

G(r) = —4mrp. 3)
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Fig. 3. The X-ray reduced pair distribution functions, G(r) of
the pristine glass and hot-compressed SiO, glasses.

Table 1. Densities of the pristine glass and hot-compressed SiO,
glasses

Density (g/cm’)

Pycnometry Neutron G(r) X-ray G(r)
Pristine 2.20 2.17 2.20
400°C/7.7 GPa 2.54%) 2.48 245
1200°C/7.7 GPa 2.7239 2.74 2.76
1300°C/7.7 GPa — 2.79 2.82
1100°C/8.0 GPa 27437 — —

The average number density of atoms p can be calculated
by fitting the slope of G(r) in the shorter distance region
using —4770.>3% The obtained average number density
of each sample was converted to the density d as:

_ PMsio,

d >
Na

“
where Ms;o, is the molar weight of SiO, and N, is the
Avogadro constant. The —47rp values obtained by fitting
the slope of G(r) of the pristine and 1300 °C/7.7 GPa sam-
ples are shown in the inset of Fig. 3. By comparing the
slopes of the pristine glass and 1300 °C/7.7 GPa, we can
see that the slope is steeper for the hot-compressed glass,
indicating that the glasses are densified by hot compres-
sion. This behavior is also consistent with the shift of the
position of the FSDP of S(Q). The densities obtained by
pycnometry and neutron/X-ray G(r) fitting are shown in
Table 1. Since the samples synthesized at temperatures
above 1400 °C show a Bragg peak, as shown in Fig. 2(A),
the calculated density may be estimated to be higher owing
to the locally crystallized area. Therefore, the density was
calculated for the samples synthesized below 1300 °C. The
discrepancy between the densities obtained by pycnometry
and G(r) fitting for the pristine, 400°C/7.7 GPa, and
1200°C/7.7 GPa samples are within 5 %.

Figure 4 shows the densities of the glasses synthesized
at 7.7 GPa and different temperatures together with those
of a series of crystalline phases. The density of the glass
compressed at 7.7 GPa rapidly increases up to 600 °C and
then gradually increases with further increase in process-
ing temperature. This behavior is completely different
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Fig. 5. The density dependence of the position of FSDP for the
pristine glass and hot-compressed SiO, glasses.

from that in cold-compressed glasses reported by Sato and
Funamori, in which the density changed monotonically
with increasing pressure.'® The density of the 1300°C/
7.7 GPa sample of approximately 2.8 g/cm® is higher than
that of the 1100 °C/8 GPa glass synthesized by Guerette
et al. (2.74 g/cm?).3? Thus, the densified SiO, glass ob-
tained at 1300°C/7.7 GPa could be considered the most
densified SiO, glass, which should have the highest refrac-
tive index.’" Note that glass crystallizes into coesite when
the temperature is greater than 1200 °C/7.7 GPa, as shown
in our previous study.*”

Figure 5 shows the density dependence of the position
of the FSDP in the X-ray S(Q). The position of the FSDP
shifts with increasing temperature (density) up to 1200 °C
and does not shift above 1300 °C. Onodera et al. reported
that the cavity volume ratio of the SiO, glass synthesized
at 1200°C/7.7 GPa was reduced to 6 %, as determined
by the cavity volume analysis of the MD-RMC model.
This behavior indicates that a marked reduction in cavity
volume is induced by the hot compression of SiO, glass.
The nonshifting of the FSDP may be due to the reduction
in cavity volume.

Figures 6(A) and 6(B) show the X-ray and neutron total
correlation functions, 7(r) of the pristine glass and a series
of hot-compressed SiO, glasses synthesized up to 1300 °C/

X-ray
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— 1300 °C/7.7 GPa
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Fig. 6. Total correlation functions, 7(r) of the pristine glass and
hot-compressed SiO, glasses obtained from (A) X-ray and (B)
neutron diffraction.

Table 2. Si—O coordination numbers of the pristine glass and
hot-compressed SiO, glasses

Neutron 7(r) X-ray 1(r)
Pristine 4.0 4.0
400°C/7.7 GPa 4.0 3.9
1200°C/7.7 GPa 4.0 3.9
1300°C/7.7 GPa 4.0 3.9

7.7 GPa. The peaks observed at 1.61, 2.65, and 3.08 A can
be ascribed to Si—O, O-0, and Si-Si correlations, respec-
tively. As can be seen in the figure, the contrast between
the X-ray and neutron diffraction data is excellent. The O—
O correlation peak is prominent in neutron diffraction data
since neutrons are sensitive to oxygen atoms, whereas the
Si—Si correlation peak is clearly detected in X-ray data
since X-rays are sensitive to heavy elements. The area of
the Si—O correlation peak was almost the same for all
samples. Since this area reflects the coordination number
of O atoms around a Si atom, the same area means that the
coordination number of all samples is identical. Since the
Si—O coordination number in SiO, glass is four, the area of
the peak in all samples was calculated by curve fitting and
comparing it with the peak area of the sample before com-
pression.> The Si—O coordination numbers derived from
the experimental 7(r) are shown in Table 2. The Si-O
coordination number of four was obtained in all glasses,
indicating that a SiOj, tetrahedral network is stable in a
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temperature

series of densified glasses, which agrees well with other
densified glasses.!”? In contrast, the O—O and Si-Si cor-
relation peaks become broad with increasing density.

4. Conclusions

We investigated the densified SiO, glasses synthesized
by hot compression. Although local crystallization has
been observed at temperatures above 1300 °C at 7.7 GPa,
we succeeded in synthesizing the glasses without crystal-
lization up to temperatures of 1300 °C/7.7 GPa and found
that SiO, glass synthesized at 1300°C/7.7 GPa is by far
the most structurally ordered (hyperordered) SiO, glass in
the world on the basis of the analysis of the FSDP of the
structure factor S(Q) obtained from X-ray and neutron dif-
fraction measurements. The structural ordering decreases
at temperatures above 1400°C/7.7 GPa, which may be
due to glass transition. The density obtained from the
reduced pair distribution function G(r) suggests that the
density of the SiO, glass synthesized at 1300 °C/7.7 GPa
is higher than 2.75g/cm?, which is the highest density
among the samples synthesized thus far. At 7.7 GPa, the
synthesis temperature of the SiO, glass with the highest
density and structural ordering was 1300 °C. The effects of
these structures on mechanical and optical properties™®
and relationship with synthesis conditions will be inves-
tigated as a next step.
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