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Abstract

The optical transparency of silica glass significantly improves when subjected to compression at its melting
temperature. Using a rare hydrostatic iso-pressure apparatus capable of reaching 0.98 GPa at 1800 °C with Ar gas as the
pressure medium, we obtained centimeter-sized glass samples, allowing us to measure various properties. Both the
density and refractive index increased with pressure, while the refractive index dispersion decreased monotonically.
However, Rayleigh scattering intensity, and small ring structures show a minimum around 0.8 GPa. High-energy X-ray
scattering analysis indicates that the short-range structure, around 4 A, governs the monotonic trends in the averaged
physical properties, such as density and refractive index. In contrast, non-monotonic changes are observed with the
disappearance of intermediate-range order at around 8 A. This simplification of structural ordering is crucial for
achieving extreme transparency in silica glass. The effect of suppression of the 8 A order is well explained by the
predicted topological pruning phenomenon, where large voids and small unstable ring structures vanish, leading to
the minimal light scattering under high pressure. Our experimental findings also reveal that the optimal pressure for
achieving this transparency is much lower than previously predicted, which makes the process more feasible for mass-
production applications.

Introduction

SiO, is abundant on the earth’s crust, and its vitreous
state, silica glass, is an indispensable material for modern
society as optical fiber' and optics for lithography™®.
Optical fibers are undoubtedly the most important
infrastructure in constructing the worldwide optical
communication network. Ever since silica glass fiber was
first invented in 1970, its transparency improved largely
for the first ten years. However, it seems almost saturated
since then, not because its specification reached a satis-
factory level; the optical loss of fiber should be much
lower considering the next-generation communication,
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quantum cryptographic, and/or quantum information are,
in principle, not amplifiable®’. More than 80% of the
remaining optical loss is attributed to Rayleigh scattering;
the scattering caused by structural fluctuations in silica
glass®. Thus, it had long been believed that stabilizing the
-Si—O- structure by thermal annealing, and/or chemical
doping to accelerate the relaxation of the network is the
only solution” "', In 2018, M. Ono et al. proposed a new
method to suppress Rayleigh scattering using pressure'?.
The scheme is based on the shrinkage of the empty spaces
in silica glass, called voids that can be considered as the
particles that scatter light as Rayleigh scattering'®. The
application of pressure significantly suppressed the light
scattering loss. Molecular dynamics (MD) simulations
predicted the further reduction of Rayleigh scattering
continues until the pressure goes up to 4 GPa'*. But it had
never been examined experimentally due to the difficulty
in isostatic hot compression of large-sized glass by using
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gas media. In this study, we explored the higher-pressure
region by using a hydrostatic iso-pressure apparatus
capable of reaching 0.98 GPa at 1800 °C using Ar-gas
media, which is one of the only two in the world'®. We
fabricated large-sized glass samples at pressures above
0.2 GPa and measured the Rayleigh scattering. Together
with the investigation of the properties and the structural
change using various techniques such as Raman scatter-
ing, high-energy X-ray scattering, and the refractive index
with dispersion measurement, we experimentally observe
the minimum Rayleigh scattering at slightly lower than
1GPa and the structural change similar to which was
predicted as topological pruning. This paper elucidates
the crucial distinction between ascertaining whether the
diverse physical attributes of silica glass, encompassing its
optical characteristics, emanate from an averaged struc-
ture centralized on 4 A or arise from a medium-range
structural order spanning approximately 8 A.

Materials and Methods

The original glass used for pressure application is the
synthetic silica glass, AQ (product of AGC Inc, Japan)
with OH concentration of approximately 50 wt. ppm,
fluorine (F) and chlorine (Cl) of less than 1 wt. ppb. The
fictive temperature of this original silica glass was 1330 K.
For hot compression process, the glass rods of 50 mm in
diameter and 70 mm in length was put into a carbon
crucible in the hydrostatic isothermal pressure machine
(HIP) of JUTEM CO. Ltd, Japan'®. The pressure medium
is Ar-gas. Due to the limitation of the machine, the
pressure of 0.2, 0.5, 0.75, and at highest, 0.98 GPa were
applied at 2073 K. After holding both the pressure and the
temperature for 1hr, the electricity was shut down and
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the temperature rapidly went down for 1000 K within
10 minutes, then cooled down to room temperature. The
pressure was released without any further compression
during cooling. The example of the pressure and tem-
perature profiles are shown in Fig. S1. For higher pressure
(from 1 to 4GPa), a solid cubic anvil high-pressure
synthesis method'® was used to compress the silica glass
at 1373 K. The sample size for the solid pressure appa-
ratus was 4.3 mm in diameter and 5 mm in length at the
largest. The surface of the compressed sample pieces was
taken away to avoid a crystallized surface at the interface
of the glass and the pressure medium. We prepared
another silica glass samples by changing their fictive
temperature, Tf, by heat treatment at 1340-1673 K being
kept for 2-960 h. The details of the preparation method
for these glasses are explained in'”. T of the sample was
determined from an infrared absorption peak at around
2260cm ' V.

The density was measured with the Archimedean
method using sample pieces larger than 10 mm in length.
The refractive index and its dispersion were measured at
room temperature using a refractometer (KPR-2000,
Shimadzu, Kyoto, Japan) for blocks with 10 mm or 5 mm
cube with six optically polished surfaces. Numerical data
of the plots in Fig. 1 are listed in Table. S1. Abbe number
is defined as (np —1)/(np — nc) with the refractive index n
at each wavelength of D (587.56 nm), F (486.13 nm), and
C (656.27 nm), respectively. Raman spectra were mea-
sured using Raman spectroscopy (RENISHOW INVIA)
under a microscope with 532 nm CW laser light. Polished
plates of 1 mm thick were used. Since Raman spectro-
scopy is applicable to small-sized samples, we measured
glass that we quenched under 1 to 4 GPa at 1373 K using

r

Fig. 1 Pressure dependence of density, refractive index and its dispersion. The pressure dependence of the hot compressed silica glass on (a)
the density (black dots, plotted by the left axis) and the refractive index of silica glass (empty dots, plotted against the right axis) at d line (587.5 nm).
b The dispersion of the refractive index of each sample. ¢ shows the Abbe number which is defined in the context to quantify the amount of the
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cubic multianvil apparatus. The glass made under 0.2 to
0.98 GPa were by HIP at 2073 K. To examine the repro-
ducibility and comparability, those glass made by HIP
were cross-measured by the other Raman measurement
system (HORIBA T64000MW/vis-NIR) with non-
pressurized glass for intensity normalization. The data
of 1373 K were found to be comparable with 2073 K. The
details of the measurement, analysis conditions and the
data connectivity are explained in Fig. S3.

Rayleigh scattering intensity measurements were con-
ducted with 5 x 5 x 5mm cubic sample pieces with
optically polished surfaces. They were immersed in a
refractive index matching liquid (np = 1.4580 at 298 K) in
a cylindrical cell, to minimize stray light from the surface
of the sample and the cell. The scattered light at the
normal angle to the incident laser light with a wavelength
of 488 nm was inserted into a 10-cm monochromator and
detected with a silicon PIN detector (ET-2030,
Electronics-Optics Technologies Inc.) whose signal was
amplified by the current preamplifier (LI-76, NF Elec-
tronic Instruments) and put into lock-in amplifier system
(EG&G Park model 5209). The light intensity of two
identical pieces, which were cut out from each HIP
sample were measured several times to confirm the data
reproducibility. The time-average signal over 100 ms was
measured as the Rayleigh scattering intensity. To obtain
the absolute value of the Rayleigh scattering loss for HIP
silica glasses, we compared the intensity with that of the
silica glass samples with different T; with no HIP treat-
ment, Ty= 1342 and 1634 K. Further details of the Ray-
leigh scattering measurement can be found also in'?.

The X-ray diffraction experiments were performed in
transmission geometry using beamline BL04B2 at Spring-
8 with an incident energy of 61.4 keV. The incident X-ray
intensity was monitored using an Ar-filled ionization
chamber, and the scattered X-rays were detected by a Ge
detector. A vacuum chamber was used to suppress air
scattering, and the data was corrected using a standard
program'®, Each data set was normalized to give the
Faber—Ziman total structure factor, S(g)"*’.

Results and Discussions
Monotonic change of properties by compressive pressure
The density and the refractive index of the silica glass
showed a monotonic increase when the applied pressure
is increased. The closed and open circles in Fig. 1a cor-
respond to the density and the refractive index, respec-
tively. The samples were hot compressed at 2073 K.
Pressure monotonically densifies the glass and induces a
high refractive index. The highest densification in this
region is 3%, while the refractive index increased by 1% at
0.98 GPa. The change of the density is consistent to the
previously reported value of around 5% at 1GPa
(1373 K)*°. Figure 1b shows the refractive index at various
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wavelengths for each sample. They are dispersion curves
of the refractive index of each sample with different
pressure. The detailed data of the refractive index is in Fig.
S2. The cm-sized samples enabled us to obtain precise
data, which systematically changes by pressure. Figure 1c
shows the Abbe number v of each refractive index dis-
persion curve. The value of v linearly grows for higher
pressure except for irregularity for ambient pressure of
0.1 MPa. The 0.1 MPa sample is the original silica glass
which had been annealed for more than one month to
obtain low T; while other pressure-quenched samples
should have higher values due to the rapid cooling of the
HIP machine. Since low T leads to higher v, irregularity
has occurred. The systematic increase of v by increasing
pressure, i.e. increasing refractive index, indicates that
homogeneity grew with the increase of the pressure as
found in ref. *'. They made quenched glass using solid
pressure medium under higher pressure of 7.7 GPa at
varied temperature up to 1473 K. Our data covers a
smaller region of the pressure, but within consistency to
their data. In ref. > they concluded that the increase of v is
due to the homogeneity growth by pressure. The increase
of the refractive index and v from ambient pressure up to
0.98 GPa at 2073K show the densification and the
homogenization of the electric dipoles which govern the
bandgap of silica glass (corresponding to the charge
transfer transition from 2p-band of Oxygen to Si d-band)
occur monotonically by pressure.

Non-monotonic change of properties by compressive
pressure

On the contrary to the monotonic pressure dependence
of density and the Si-O charge transfer oscillator, the
structure of longer-distance, such as three-membered SiO,
rings, showed non-monotonous trends against pressure.
Figure 2a shows the Raman scattering data of the hot
compressed glass. The data of the HIP-compressed sam-
ples are plotted with circles, while the ones compressed at
1373 K using multianvil cell pressure machine with solid
medium of tungsten carbide (plotted with triangles) which
can cover up to 4 GPa. Although the process temperature
is not as high as 2073 K, they showed good connectivity at
1 GPa [S3]. The connectivity goes well with ref. *> which
indicated that temperatures higher than 1173 K lead to
similar structural changes by pressure. The effective sample
size of the multianvil samples with the polished vitrified
surface is small (smaller than 2 mm) due to the surface
crystallization from the attached pressure media. However,
the Raman spectroscopy in-situ heating is possible unthe
der microscope on the polished vitrified region. The insert
figure in Fig. 2a shows the Raman spectra with main peak
of 450 cm ™!, small D; (500 cm™*) which corresponds to
the number density of 4-membered rings, while D,
(610cm ™) peak is attributable to the number density of
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Fig. 2 Optical properties of hot compressed silica glass with non-monotonic pressure dependence. a Number density of the 3-membered
ring in silica glass, estimated from the area of D, peak normalized by ws peak height. The insert figure shows the Raman scattering spectra of the
original silica glass made under ambient pressure (black) with the one quenched at 4 GPa (red). The data for P=1, 2, 3, and 4 GPa are of the sample
made by using solid pressure medium at 1373 K (triangles). While for P = 0.2 to 0.98 GPa are made by HIP at 2073 K (open and closed circles). Data for
P=0.1 MPa corresponds to the original glass made under ambient pressure (squares). The color of the point shows the temperature at which we
measured the Raman spectra. Temperatures at which we measured in-situ are the room temperature (black), 100 °C (light blue), 200 °C (green), 300 °C
(orange), 400 °C (red), 500 °C (dark red). b Rayleigh scattering coefficient of the silica glasses hot compressed with Ar gas media. Filled circles are new
data while the open ones are taken from ref. '>. Note that the pressure range of lower figure is up to 1 GPa, while upper axis is up to 4 GPa.

3-membered SiO, ring structures®”. The increase of the
small ring structures in silica glass is known as the sign of
instability of the glass network structure’”’. Thus, the
number density of 3-membered ring structures is analyzed
from the area of the D, peak [S3]. They are plotted against
pressure in Fig. 2a. The area of the D, peak minimized at
around 1 GPa, which indicates that the 3-membered ring
structure decreases by pressure up to 1 GPa from ambient
pressure. Then, it increases for higher pressure from 1 GPa
up to 4GPa. The result indicates the structure becomes
most stable at around 1 GPa. The color shows the tem-
perature at which each Raman measurement is done. Open

circles in Fig. 2a are the area of the D, peak measured at
room temperature. The temperature dependence of the
number density of 3-membered ring structure, which are
shown by different colored dots is also the smallest at
1GPa. The least variance at 1 GPa against temperature
implies the structure becomes stable against heat at this
pressure. D; peak intensity shows similar minimum at
1 GPa, but since D; peak is hardly deconvoluted from the
main peak, and 4-membered ring structure is not always
thought of as the representative of the unstable structure®,
we relied onto the indication of the pressure- and
temperature-dependence of the D, peak.
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Figure 2b shows the pressure dependence of the Ray-
leigh scattering coefficient of the HIP silica glass with
pressure from ambient to 0.98 GPa. The filled dots in
Fig. 2b correspond to the newly obtained data in this
paper. The details of the measurement scheme can be
found in ref. '2. The open circles are taken from ref. '?,
correspond to the data of samples made under pressure
for a duration time of 2 hours. The previous values are
consistent with the newly obtained data. It is found that
the Rayleigh scattering coefficient decreases for pressure
higher than 0.2 GPa, but a broad minimum exists at
around 0.5-0.8 GPa. Within the data of the pressure
duration time of 1 hr, the minimum Rayleigh scattering
coefficient is 0.4 dB/km/pm*, which corresponds to
0.1 dB/km at 1.55 um'?. The minimum value is similar to
those obtained for experimental conditions of 0.2 GPa for
3.5h of pressure duration time. It is noteworthy that
Rayleigh scattering rapidly decreases by pressure of about
0.2 GPa, but above that pressure, the derivative is not
significantly large. From positron annihilation lifetime
spectroscopy (PALS), the void size of these hot
compressed glasses showed small values for 0.2 GPa and
0.98 GPa compared to that of ambient glass (initial glass
before hot compression) [S4]. However, saturation of the
void sizes at pressure over 0.2 GPa was also observed. The
pressure dependence was not as clear as Raman and
Rayleigh. The results of PALS are plotted in Fig. S4.

Overall, the trend observed by Raman and Rayleigh
indicate that silica glass which is hot compressed at
around 1 GPa or slightly less has stable and homogeneous
intermediate range structure.

Structure and ordering change by pressure

The presence of two distinct types of pressure depen-
dence suggests that two different structural changes occur
in the silica glass network as the pressure is altered. To
investigate the structural factors responsible for the
pressure dependence of these properties, we performed
high-energy X-ray scattering (XRS) measurements at
SPring-8, using the BL04B2 beamline. The black curve in
Fig. 3a shows the observed X-ray total structure factor
S(q) calculated from the XRS pattern of the initial silica
glass with ambient pressure (0.1 MPa). The red curve in
Fig. 3a is that of 0.98 GPa. As is seen, XRS patterns for g
values larger than 2A™' are almost identical. On the
contrary, the S(g) in the range of g=0 to 2A™ shows
systematic changes with pressure, as seen in Fig. 3b, which
is an expanded view of Fig. 3a. The peak called FSDP
(First Sharp Diffraction Peak of g around 1.5 A~')***
shifts to higher g by increasing pressure. The peak posi-
tion and width of the FSDP as a function of pressure were
analyzed by fitting Lorentzian curves and are shown in
Fig. 3c, d, respectively. FSDP is attributed to the inter-
mediate range ordering of the neighboring Si-O-Si
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chains®>*’. Thus, the higher g shift of FSDP peak corre-
sponds to the decrease of the intrachain distance by
pressure, which is reasonable. The width of FSDP
becomes smaller with increased pressure. Such sharpen-
ing of FSDP is previously reported as the indication of
homogenization®>*®*, They reported linear change in g
position and FWHM (full-width half maximum) of FSDP
occurs for pressure from ambient up to 8 GPa at 1373 K
and 1473 K. But in our case, we observe a small kink on
their trend at 0.75 GPa, even though they are roughly
linear to the pressure. This observation was made possible
by the precisely controlled pressure conditions and the
high accuracy of the XRS measurement technique.
Furthermore, we clearly observed the disappearance of
the peak at the shoulder of FSDP (we call it SP, which is
located at ¢=0.8A™"), by increasing pressure. The
observation was successful for the first time owing to the
high accuracy of the experimental techniques. Since the
XRS pattern for 0.98 GPa sample seems to have only a
single FSDP with no sign of an additional shoulder peak
at 0.8 A%, we subtracted the XRS patterns of 0.1 to
0.75GPa by that of 0.98 GPa. XRS spectra with no
obvious sign of SP is typical of silica glass with higher
pressure®*™>°, The insert figure of Fig. 3e shows the
subtracted patterns. The disappearance of SP by pres-
sure is prominent at the lower pressure region, and
gradually saturates around 0.75 to 0.98 GPa. It is indi-
cative of the structural ordering with the scale of around
8 A, disappears by pressure within this range. The 8 A
scale can be interpreted as the distance between atomic
structures that form voids in silica glass, which have
been observed to be approximately 5 to 6 A in diameter
[13, S4], with electron wavefunctions surrounding the
atoms. XRS corresponds to the position of the nucleus,
while positronium observes the ionic radius as the wall
of the voids. Notably, the disappearance of SP and the
local minimum of FWHM of FSDP occurs at a pressure
slightly lower than 1GPa (around 0.8 GPa), which
coincides with the minimum of Rayleigh scattering and
the number density of 3-membered rings. In Fig. 4,
schematic pictures of the structure and voids in silica
glass corresponding to the pressure region are drawn.
From the experimental results which have a minimum at
around 0.8 GPa, it is likely that the structure grows to be
homogeneous by the extinction of large voids and small
(3- and 4-membered) unstable rings by increasing
pressure, as shown by the two left figures in Fig. 4. The
trend saturates at pressure slightly lower than 1 GPa.
When pressure is higher than 1 GPa, homogeneity of
structures that sharpen FSDP (scale of 4 A) continues to
grow as shown by the homogeneous size of the voids in
Fig. 4. But higher pressure generates 3- and 4 membered
rings and their stability against heat gradually decreases.
Due to the generation, densified parts should appear at a
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The peak around 1.5 A™" is FSDP (First Sharp Diffraction Peak), while the one at the arrow is SP (Shoulder Peak). ¢ The peak position of FSDP for each
S(qg) profile. d shows the HWHM (half width of half maximum) of the FSDP. The example of fitting FSDP with a Lorentzian curve is shown in the insert
of Fig. 3d. e The difference of the SP peak height from that of 980 MPa. The insert figure shows AS(g) = (5(g) of each spectrum) — (5(g) of 980 MPa).
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Fig. 4 Schematic pictures of the silica glass structure hot compressed under each pressure range at 2073 K. Colored parts show where the
SiO, network occupies the space while white-painted circles show voids.

. J

pressure higher than 1 GPa. Figure 4 indicates that continuously with higher pressure, while large voids and
density and refractive index determined by the structure  small rings should show different pressure dependence.
part (colored part in Fig. 4) are supposed to increase  Such behavior of the minimization of the number of
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3-membered rings together with large voids at a peculiar
pressure qualitatively matches to what is predicted as
topological pruning'®. In the simulated model, small
rings appear close by large voids, and they disappear in
pairs when pressure is applied. The structure is homo-
genized due to the reconstruction of the structures. MD
predicted the silica glass network is topologically pruned
to the most at the optimal pressure of 4 GPa. In this
work, we observed the topological pruning phenomena
experimentally. However, the pressure at which the void
and 3-membered rings disappeared was 0.8 GPa and is
much lower than 4 GPa. This experimental finding gives
a delight future to realizing low-loss silica core glass
fiber because 1 GPa is somewhat achievable pressure for
industry; for example, rolling contact pressure for
manufacturing steels can be 2 GPa, even though the
temperature is not as high as 2000 K*>*',

In comparison to the behavior of SP, the sharpening of
ESDP, increase of density, refractive index and abbe
number show no minima. They continue to change below
and above 1 GPa. It is also interesting to recall the decay
constant of density and refractive index under 0.2 GPa is
very fast, less than 1 milli second at melting temperature,
while those of void radius and Rayleigh scattering inten-
sity were found to be longer than 1hour'?. Since SP
corresponds to longer distance ordering (8 A) compared
to FSDP of intermediate distance ordering (4 A), the trend
of longer relaxation time for longer distance ordering is
understandable. Overall, the experimental findings in this
work strongly indicate the presence of two distinct types
of structure order with different relaxation constants.

So far, the structures and properties of silica glass
quenched under pressure of more than 1GPa using a
solid medium were investigated. With the bulk glass
samples with large size obtainable by HIP, it was possible
to observe the minimization of Rayleigh scattering and the
growth and maximization of homogeneity at the pressure
at slightly less than 1GPa. The longer distance (8A)
ordering seems to disappear under pressure above 1 GPa.
However, the shorter distance ordering shows a con-
tinuous increase for higher pressure. This has been indi-
cated for different temperatures as 1273 and 1373 K**??,
the intermediate to short-range order structure which
relates to optical oscillator strength is supposed to grow
its homogeneity above 1 GPa and its distribution is sup-
pressed at least up to 8 GPa. By the topological pruning, it
is predicted that generation of the 5- to 6-coordination of
Silicon sites instead of 4 starts to happen above 4 GPa and
triggers inhomogeneity in the glass structure. Considering
that 5 to 6-coordinated silicon is generated under 20 GPa
at room temperature”, but none exists up to 7.7 GPa at
1573 K**33 whether the coordination number of Si would
increase at a pressure above 1 GPa at melting temperature
should be investigated.
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Summary

Through measurements of density, refractive index and
its dispersion, Rayleigh scattering, Raman scattering
spectra, and XRS of hot compressed silica glass, we suc-
cessfully identified two distinct pressure-dependent opti-
cal properties, each arising from different structural
ordering scales. The optical Rayleigh scattering is mini-
mized at pressure around 0.8 GPa, which is coincident to
the minimization of the 3-membered ring structure
detected by Raman spectroscopy. They are well-explained
as topological pruning phenomena, through XRS mea-
surement which revealed the extinction of 8 A ordering at
the similar pressure. PALS does not contradict
these results. The temperature dependence of 3- and
4-membered rings-structure also becomes minimum,
indicating the structure becomes most stable at this
pressure. Such homogeneous structure with stability was
predicted to occur at 4 GPa molecular dynamics simula-
tion as “topological pruning”, and we observed directly
and experimentally the phenomena. But the experimental
results have a plausible implication that the topological
pruning, in reality, happens at slightly lower pressure than
1 GPa. The value is realistic for industrial application. It
will be interesting to explore how shorter ordering scale
continuously homogenize silica glass structure above
1 GPa. But the local homogeneity which determines Si-O
oscillators, which corresponds to the width of the FSDP in
XRS spectra, is independent of the long-ranged optical
scattering which determines the quality and loss of silica
glass fiber. Overall, this work reveals two distinct
pressure-dependent phenomena in silica glass for hot
compression: the local homogeneity of the long-range
order structure, on the scale of about 8 A corresponding
to voids and related to Rayleigh scattering, occurs below
1 GPa; local and microscopic homogeneity increases from
1 GPa to around 4 GPa. The pressure dependence of each
structural ordering scale is independent and cannot be
detected solely through FSDP observations.
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