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The physical and structural parameters of glass depend on its preparation conditions. Fictive temperature, 75, is
a standard for glass obtained from the super-cooled liquid. Although the T} value is discussed from the viewpoint
of structural relaxation defined by infrared vibration, there should be structural correlations at the longer
ranges, which are worthy of exploration. Here, we demonstrate the structural change of the intermediate range
in SiO; glasses with different 77 values using X-ray and neutron diffraction, inelastic light scattering, and posi-
tron annihilation spectroscopy. By annealing the SiO, glasses, i.e., decreasing T, an increase in the first sharp
diffraction peak (FSDP) heights and narrowing of the peak width are observed. Differential structure factor
AS(0O) of neutron diffraction reveals a formation of the thermally derived O-O inter-tetrahedral correlation in
high-T; glass. Spectroscopic analyses (Raman scattering, stimulated Brillouin scattering, and positron annihila-
tion spectroscopy) suggest that a certain structural change has occurred in the SiO, glass exhibiting higher Tt
values, confirming that these approaches can be used as probes for structural ordering. Considering AS(Q) of
neutron diffraction, it is suggested that the structural changes in SiO, glass with higher 7; values observed by
spectroscopy correlate with oxygen-related structural change in the intermediate range. Since the observed
structures of each analysis are different, these multiscale and quantitative examinations are important for
precise examination of various random materials.
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examine all local coordination states in glass because of

1. Introduction the “random network” in the long-range possessing a

As oxide glass is a solidified supercooled liquid, the
thermodynamically metastable structures and physical
properties of the resultant glass depend on the preparation
process.”? For example, the valence and local coordina-
tion states of the constituent cations and homogeneity of
the glass melt are affected by the preparation process, even
though the nominal chemical composition is fixed.?
Therefore, the physical properties of oxide glass originate
from how the supercooled liquid is treated above the glass
transition temperature, T, which is a threshold for the
diffusion of constituent atoms. Although it is difficult to
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much wider site distribution compared with that in corre-
sponding crystal, such topological homogeneity is impor-
tant for glass science from both scientific and industrial
viewpoints. Recently, experimental and mathematical ap-
proaches were combined to investigate the behavior of
rings and cavities in amorphous materials.*'? However,
although SiO, glass is the most popular and typical oxide
glass, the random network over the entire structural range
has not yet been clarified. The random network, therefore,
still fascinates many scientists.

The structural ordering of SiO, glass has been discussed
using various structural analysis techniques. The most
common method is neutron or X-ray diffraction measure-
ment.'?®) A slightly sharp peak observed in structure
factor has been focused as a probe for evaluating the
structural ordering in the intermediate range. For example,
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it is proposed that some periodic local atomic density
fluctuations correlate with the first sharp diffraction peak
(FSDP).'? Since glass, especially SiO, glass, contains
large cavities, the thermodynamically metastable structures
can be tuned semipermanently or transiently by applying
higher pressure.>?°2% In oxide glasses, in which various
metastable structures exist, structural relaxation is one of
the most interesting topics from both a scientific and
industrial perspective.

Other probes for evaluating the structural ordering of
glassy materials are spectroscopy, which is commonly
non-destructive measurement of the materials, and the
precise numerical analysis is an advantage for the analysis
method. To examine the relationship between the cooling
rate and frozen state of supercooled liquid, the concept of
fictive temperature, Tf, was introduced.>*>? The T} has
long been a subject of research, and its correlation has
been discussed by various scientists.’**®) The value of 7%,
which is determined by the Si-O—Si vibration mode,** is
the fictive frozen state of glass and is one of the standards
for structural relaxation, i.e., local structural rearrange-
ment. The decrease of 7; means that structural relaxation
of the SiO, glass occurs by annealing. Changes in fictive
temperature not only change the wave number of Si—O-Si
vibrations but also affect a wide range of physical prop-
erties, such as the elastic modulus, thermal expansion
coefficient, and chemical durability. On the one hand, this
effect is complex; some parameters increase, while others
decrease. This is attributable to the fact that different struc-
tures at different distance ranges contribute to different
physical properties.

On the other hand, inelastic light scattering has been
used as a spectroscopic probe for structural order-
ing. 17325264499 In particular, the range of wavenumbers
below 50 cm~! in inelastic light scattering is conventionally
called the boson region, at which a peak above the density
of state estimated by the Debye rule in glass (random mate-
rial) emerges. A correlation between the boson peak and
FSDP has been discussed by many authors from viewpoint
of structural ordering.?” In addition, we have recently dem-
onstrated other spectroscopic methods such as Brillouin
scattering and positron annihilation spectroscopy can be a
probe to examine the structural ordering of glasses.*) Since
many rings of different sizes exist in SiO, glasses,>”¥ it is
natural that cavities inevitably generated from rings affect
the nature of SiO, glass. Therefore, a quantitative under-
standing of cavities, which are characteristic of glass, is
important. The structural ordering of the glass network has
been often discussed by limited analytic methods, i.e., a
certain distance ranges. However, since structural ordering
in a specific structural range should affect the ordering of
other ranges, it is preferable to use many analytical tech-
niquesto evaluatenon-periodic glassnetworks.

In this study, we examined the structural ordering of
SiO, glasses exhibiting different 7; values by different
analysis methods: FSDP of high-energy X-ray diffraction
and neutron diffraction, boson peak in Raman scattering,
Brillouin scattering, and positron annihilation spectros-

copy. By using these analyses, we examined the structural
changes in the entire SiO, network by thermal relaxation
using numerical values.

2. Experimental

2.1 Preparation of SiO, glasses possessing
different T; values
The base SiO, glass was supplied by Tosoh Quartz
Corp. The OH concentration was <50 wt. ppm. The prepa-
ration details have been presented in a previous paper.””
To examine the stimulated Brillouin scattering, the edges
of the samples were polished to obtain a mirror surface.

2.2 Physicochemical analysis

Density was estimated according to a previous report.’?)
The refractive index of the samples was measured using a
prism coupler (Metricon, N.J., U.S.A.) at 473, 633, and
1319 nm. The error of the measurement was 3 x 1074 T
was estimated by the Si—O-Si vibration around 2260 cm™!
using a Model Spectrum 2000 (Perkin Elmer Inc.) with a

resolution of 1 cm™!.

2.3 High-energy XRD measurement

The high-energy X-ray diffraction experiment was per-
formed at the BLO4B2 beamline at the SPring-8 synchro-
tron radiation facility using a two-axis diffractometer dedi-
cated to the study of disordered materials.’?) The energy of
the incident X-rays was 61.43keV. The raw data were
corrected for polarisation, absorption, and background,
and the contribution of Compton scattering was subtracted
using standard data analysis software.’!) The corrected X-
ray diffraction data were normalized to give the Faber—
Ziman®? X-ray total structure factors, S¥(Q).

2.4 Neutron diffraction measurement

Neutron diffraction measurements were conducted using
a high-intensity total diffractometer (NOVA) installed at
BL21 of the Materials and Life Science Experimental
Facility at the J-PARC spallation neutron source (Ibaraki,
Japan). The wavelength range of the incident neutron
beam was 0.12A < 1 < 8.3 A. The glass sample (1.2 g)
was transferred into a vanadium—nickel null alloy cell with
an outer diameter of 6.0 mm and thickness of 0.1 mm. The
observed scattering intensity for the sample was corrected
for instrumental background and attenuation of the sample
and cell, and then, normalized by the incident beam profile
obtained from the scattering intensity of a vanadium stan-
dard. The corrected neutron diffraction data were normal-
ized to give the Faber-Ziman>? neutron total structure
factors, SN(Q).

2.5 Raman spectroscopy

Confocal micro-Raman measurements with a backscat-
tering geometry were performed to analyse the boson peaks.
Backscattering micro-Raman measurements were per-
formed using a single-frequency diode-pumped solid-state
(DPSS) laser oscillating at 532nm (Oxxius LCX-532S-
300). A home-built microscope consisting of ultra-narrow
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band notch filters (OptiGrate) and a 20x objective lens
(Mitutoyo, M Plan APO SL20, NA = 0.28) was used to
focus the excitation laser and collect the Raman-scattered
light. The scattered light was analysed using a single
monochromator (Jovin-Yvon, HR320, 1200 grooves/mm)
equipped with a charge-coupled device camera (Andor,
DU420).

2.6 Stimulated Brillouin spectroscopy

Brillouin shifts vg of the glass were measured using a
frequency-modulated stimulated Brillouin spectrome-
ter.>3> Two Miser-type Nd:YAG lasers with a wavelength
of 1.06 um were utilized as pump and probe sources. The
beams were arranged in a counterpropagating configura-
tion within the sample, enabling a backscattering geometry.
The frequency difference between the pump and probe
waves, along with the resulting beat frequency, was con-
tinuously monitored using a microwave frequency counter.
This setup facilitated repetitive scanning and data averag-
ing while preserving high spectral resolution. By employ-
ing two lenses with a focal length of 30cm, a spectral
resolution of 20kHz (HWHM) was achieved. The longi-
tudinal sound velocity V| was calculated using the relation
VL = UB/l/2n1064, where Vg, /l, 11064, aTC the Brillouin shift,
the wavelength of the incident light (= 1064 nm), and the
refractive index at 1064 nm, respectively. The n¢¢4 values
were calculated using the Cauchy relation with the refrac-
tive indices at different wavelengths.
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2.7 Positron annihilation lifetime measure-
ment
Positron annihilation lifetime measurements were per-
formed using a PSA TypeL-II (Toyo Seiko Co. Ltd.) with
an anti-coincidence system.>> The 2’Na source with a
diameter of 15 mm was encapsulated with Kapton® film.
The accumulated count for each sample was 107

3. Results

3.1 Comparison of the X-ray and neutron
structure factors S(Q) of SiO, glasses
exhibiting different T; values

Figures 1(a) and 1(b) show the X-ray total structure

factors SX(0Q)** and neutron total structure factors SN(Q)
of SiO, glasses with different 7y values, respectively. The
FSDP (0,)>>7%72% is clearly observed at approximately
0 =1.5A""in both SX(Q) and SN(Q). On the contrary, a
principal peak (PP) (Q,)*>7?>2% at approximately Q =
2.9 A~!is only observable in neutron diffraction data be-
cause the O—O correlation, which is probed sensitively by
neutrons, mainly contributes to this peak.>’?>?% The peak
attributed to Qs is observed at Q =5.1A~" [SX(Q)]>*
and at O =53 A" [SN(Q)],>>7222Y respectively. These
three peaks slightly altered their shape depending on the T
value. Figures 1(c) and 1(d) show the enlarged S¥(Q) and
SN(Q) of SiO, glasses with different 7% values in the FSDP
region. Each inset shows the FSDP height of the SiO,
glasses as a function of 7¢. The height of the FSDP linearly
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Fig. 1. Comparison of the X-ray and neutron total structure factors S(Q) of SiO, glasses exhibiting different T
values. (a) X-ray total structure factors SX(Q)*” and (b) neutron total structure factors SN(Q) of SiO, glasses
exhibiting different Tt values. Enlarged SX(Q)* (c) and SN(Q) (d) at the FSDP region with the fitting curve
(dotted line). Insets of Figs. 1(c) and 1(d) show the heights of FSDP as a function of Tt values.
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Fig. 2. The fictive temperature (7y) dependence of the FSDP in the X-ray and neutron diffraction data of SiO,
glasses. Position of the FSDP in $X(Q)* (a) and SN(Q) (b). (c) Full width half maximum (FWHM) of the FSDP
in SX(Q), AQ%kspp, and the correlation length 271/ AQ¥gspp as a function of 7;.2 (d) FWHM of the FSDP in
SN(Q), AONrspp, and the correlation length 277/ AQNgspp as a function of 7.

increased with decreasing 7 values, indicating that struc-
tures correlated with the FSDP were preferentially ordered
by thermal annealing.'®1%282) To examine the effect of T}
on the structural ordering in SiO, glass more quantita-
tively, the FSDP was fitted using a Lorentz function taking
into account the position, Opspp, and full width at half
maximum (FWHM), AQgspp, of the FSDP:

0.5A Qrspp
(O — Qrspp)* + (0.5A Qpspp)?

where, Ay, AQrspp, and Qgspp are the fitting parameters.2
In this study, we fitted the S(Q) in the Q regions of 0.90—
1.65A~" for SX(Q) and 1.10-1.65A~" for SN(Q). The
dotted curves in Figs. 1(c) and 1(d) represent the fitted
curves to the FSDP of SiO, glass with Ty = 1743 K.
Figure 2 shows the fitting results of Opgpp (QXrspp for
X—ray and QNFSDP for neutron) and AQFSDP (AQXFSDP for
X-ray and AQVggpp for neutron) as a function of Tf.
Compared the values of O¥rgpp [Fig. 2(a)] with those of
ONespp [Fig. 2(b)], the OXpspp increases slightly with
increasing Ty values®® whereas the ONpgpp remains almost
identical. On the other hand, the FSDP width becomes
broader in both $X(Q) and SN(Q) [Figs. 2(c) and 2(d)].
The diversity of the FSDP-related structure was evaluat-
ed by examining the correlation length, 277/ AQgspp, as a
function of Tt [Figs. 2(c) and 2(d)]. The correlation length
obtained from both SX(Q) and SN(Q) increases by thermal
annealing (a decrease in T¢), suggesting that annealing
induces the structural ordering consists of SiO4 network.
The X-ray and neutron S(Q) of SiO, glass exhibited

S(Q) = Ap x

ey

9)

slightly different behavior in response to the 7¢ values, as
shown in Figs. 1 and 2. In order to characterize the differ-
ent behavior, we calculated the differential S(Q), AS(Q),
for both S¥X(Q) and SN(Q); Using the S(Q) of SiO, glass
with the Ty= 1300K as the reference data, AS(Q) was
obtained by subtracting the reference data from the S(Q) of
Si0, glasses with the other Tt values (1403, 1493, 1610,
and 1743 K). Figures 3(a) and 3(b) show the X-ray and
neutron AS(Q) of SiO, glasses. In both X-ray and neutron
AS(Q), the clear changes corresponding to the 7% values
were observed at the O;, 0,, and Qs regions. To clarify the
origin of the changes in each diffraction peak, the X-ray-
and neutron-weighted partial structure factors W;;(Q)-
Sii(Q) of Si-Si, Si-O, and O-O are shown in bottom of
Figs. 3(a) and 3(b), respectively. In disordered materials
containing n chemical species, the total structure factor
S(Q) can be expressed using the X-ray or neutron weight-
ing factors, W;;(0), and partial structure factors, S;;(Q), for
i-j correlations,

S(Q)
=)D Wi(Q)- IS —1]

i=1 j=1
1 n n
=1+ WZ,:I D e Qf (QISi(Q) 1]
@)
where ¢; is the atomic fraction of chemical species i, and
f{(Q) is either a O-dependent atomic form factor in X-ray

diffraction or a QO-independent coherent scattering length
in neutron diffraction, and
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Fig. 3. Comparison of the X-ray and neutron differential structure factors AS*N(Q) of SiO, glasses exhibiting
different T values. (a) ASX(Q)* and (b) ASN(Q), which are obtained by subtracting S(Q) of SiO, glass with the
Ty = 1300K (reference data) from S(Q) of SiO, glasses with the other Tt values (1403, 1493, 1610, and 1743 K).

are also presented at the bottom of each figure. Vertical dot lines indicate Q values of each O, peak.

Q) =Y afdQ) 3)

The S;;(Q) data were calculated from the three-
dimensional atomic configuration of SiO, glass, which
was constructed by a combination of molecular dynamics
(MD) and reverse Monte Carlo (RMC) simulations based
on X-ray and neutron diffraction data.>) Further details of
the MD-RMC simulations of SiO, glass are described in
Ref. 5).

As previously reported,?” the ASX(Q) is mainly domi-
nated by the Si—Si and Si—O correlations. For instance, the
Si—Si and Si—O correlations contribute to Q; and Os
regions in the ASX(Q) [bottom of Fig. 3(a)] because X-
rays are more sensitive to heavier atoms. The ASX(Q)
exhibits a negative peak at the O%pgpp (= 1.5 A’l), and the
depth of this negative peak increases uniformly with
increasing Ty, associated with the increases on both the
lower- and higher-Q sides of the FSDP. This change
signifies the FSDP’s systematic broadening indicating that
the intermediate-range structure becomes disordered with
increasing 7t. This behavior is consistent with the correla-
tion length analysis results showing that annealing (low-
ering 7t) induces structural ordering in SiO, glass. The O;
exhibited contrary alterations in direction between the
lower- and higher-Q sides in the ASX(Q). This behavior in
the Qs is consistent with that in the Si—Si partial structure
factor [see W;;j(Q) S;;(Q)]; the Si-Si correlation corre-
sponds to the correlation between central Si atoms located
in SiO,4 tetrahedra interconnected by corner-sharing of
oxygen atoms in SiO, glass. The change in the Q5 in the
ASX(Q) suggests that the annealing process affects the Si—
O-Si correlation in SiO, glass.>”) In contrast to the Q) and
03, the O, exhibited no signs of change in the ASX(Q)
since the positive Si—Si and O-O contributions are coun-
terbalanced by the negative Si—O contribution in the O,
region.

250

The ASN(Q) [Fig. 3(b)] exhibited changes in three dif-
fraction peaks, including the Q,, in contrast to the ASX(Q).
The Q; (FSDP) in the ASN(Q) demonstrates a change
identical to that in the ASX(Q), though the lower-Q side
underwent a more significant alteration. This can be attri-
buted to the fact that O—O correlation, which contributes to
the lower-Q side of the Q) has a large weighting factor in
neutron diffraction as shown in W;;-S;;(Q) in comparison
with the Si-Si correlation. The positive contributions are
observed for the neutron-weighted O—O partial structure
factor in the O, and Qs regions. Notably, the higher-Q side
of the O, in the SN(Q) is predominantly formed by the O—
O correlation contribution. Thus, the evolution of the
negative peak observed at O = 3.1 A~ in the ASN(Q) can
be attributed to the diminution of the O, in the O—O partial
structure factor, suggesting that oxygen-related structural
disordering occurs as the T} values increase. The O, peak
in oxide glasses is correlated with the packing of oxygen
atoms at the corner of polyhedral units (e.g., SiO4 tetra-
hedron in SiO, glass).”) Since the network structure of
interconnected regular SiO4 tetrahedra is preserved in SiO,
glasses with different 7t values, we suggest that inter-
tetrahedral O—O correlation®??2?% plays a major role in the
oxygen-related structural disordering that occurs as the T
increases.

3.2 Spectroscopic analysis of SiO, glass
exhibiting different T; values

Recently, we have examined network structure of glass
through a combination of diffraction and spectroscopic
techniques. It is found that inelastic light scattering
(Raman and Brillouin scattering) and positron annihila-
tion spectroscopy can be a probe of structural diversity of
oxide glass in addition to the high energy XRD and solid
state magic angle spinning NMR.*?) Figure 4(a) shows the
Raman spectra in the boson region of SiO, glass exhibiting
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Fig. 4. Raman spectra of SiO, glass exhibiting different 7%
values. (a) Raman scattering spectra at boson region of SiO, glass
exhibiting 7y = 1300K as a representative. (b) Vgpmax as a func-
tion of 7 values. (c) Comparison of size parameters from boson
peak and correlation length 271/ ANQpgpp as a function of Tp
values.

the Tr = 1300 K, as a representative. All Raman spectra of
Si0O, glasses exhibiting different 7% values are shown in
Fig. SI. We adopted a standard procedure to analyse
Boson peaks with a log-normal function, i.e., the shape of
the reduced spectrum is assumed to be the form given in
Eq (4)'46—48)

X'V _ A (Inv— w?
v o J2mov exp(— 202 )’ )

where, v, A, e#, and o are the frequency shift, amplitude,
median of the log-normal distribution, and standard devia-
tion of the Gaussian peak in log-space, respectively. The
values of the Vgpnax Were calculated as eV’ using fitting
results. The values of vgpn,y are plotted as a function of T
in Fig. 4(b). The vgpmax shifts to the low-frequency side as
Tt decreases, and the amount of Vgpn,x change is approx-
imately 5 %. Although the data initially suggest a linear

trend, a minor deviation from linearity becomes evident
for SiO, glass with higher T} value. If all data are used for
linear fitting, the coefficient of determination (R?) for the
linear regression becomes 0.944, while the R value be-
comes 0.993 with the fitting using lower 4 data.

It has been reported that there is a relationship among
frequency of boson peak Vgpmax, sound velocity v, and
correlation length &, as shown in Eq. (5).464%)

S ~ v/UBPmax (%)

As shown in Fig. 4(b), the boson peak frequency de-
creases with decreasing T;. After annealing, which induces
a decrease in Ty, the spectral change indicated that the
correlation length increased. Figure 4(c) shows the Tt de-
pendence of the correlation length & calculated using
Eq. (5). The correlation length calculated from the value of
FSDP of neutron diffraction is also shown for comparison.
In contrast to the linear relationship observed in the FSDP
value, a minor deviation from linearity of the boson peak
position is observed owing to the Vgpmax. The change rates
in the T¢range of 1300 to 1610 K of boson peak and FSDP
are —1.57 x 1072 and —4.42 x 1072 %/K, respectively.
As reported in previous papers, there is a relationship
between the positions of the boson peak and FSDP,*®
whereas the boson peak position and density, i.e., FSDP
position, exhibit a non-linear dependence in a densified
SiO, glass.®) As in the previous paper, the present results,
in which a deviation is observed in higher T} glass, suggest
that the relationship between positions of boson peak and
FSDP does not follow a linear correspondence.

As in previous studies,® Brillouin spectra have been
used to determine the sound velocity and elastic modulus
of materials. In our previous study,>” Brillouin spectra
were fitted using the Voigt function to calculate the
Brillouin shifts vg of SiO, glass samples against different
Tt values. Although an apparent linearity was observed
between the ¢;; and T} values in the previous paper,>” the
conventional Brillouin measurement cannot be used for
quantitative analysis of the Brillouin peak width of SiO,
glass exhibiting different 7} values, because Brillouin peak
width of SiO, is narrower compared with other oxide
glasses.*”) We, therefore, examined the structural ordering
employing stimulated Brillouin scattering approach with a
phase modulation. The details of the analysis are shown in
the previous paper.’¥

The stimulated Brillouin scattering spectra were fitted
by the real and imaginary parts of the frequency-
modulated Lorentzian functions as presented in Eq. (1) of
Ref. 51) only with the electrostrictive coupling. Since the
wavelength of the laser employed is twice that we reported
previously, the Brillouin shift in this study is approx-
imately halved. Figure S2 shows the refractive index at
1064 nm, which corresponds to the wavelength used for
stimulated Brillouin scattering. With decreasing Ty, the
refractive index decreases. Figures 5(a) and 5(b) show the
stimulated Brillouin scattering spectra of SiO, glasses ex-
hibiting different 7 values of the real part (a) and imagi-
nary part (b). The spectra of the real and imaginary parts
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Fig. 5. Stimulated Brillouin scattering spectra of SiO, glass depending on 7} values. Stimulated Brillouin

scattering spectra of SiO, glasses exhibiting different 7 values; the real part (a) and imaginary part (b). (c) Fitting
of stimulated Brillouin scattering spectra. Circles and solid lines are experimental and fitted data, respectively.
(d) Tt dependence of Brillouin shift vg and longitudinal elastic modulus ¢y, as a function of 7. (¢) Brillouin peak
width I'g and internal friction of SiO, glass possessing different 7¢ values.

can be fitted by the frequency-modulated Lorentzian re-
sponse functions as shown in Fig. 5(c). The theoretical
curves exhibit excellent agreement with the experimental
data, enabling us to accurately determine the Brillouin
shift and linewidth. The longitudinal elastic modulus ¢y
values were calculated, as shown in Eq. (6),

ci1 = p(vgAd /2n1064) (6)

where A, and njpg4 are the Brillouin shift, the wavelength
of the incident light (1064 nm), and the refractive index
at 1064 nm, respectively. Figure 5(d) shows the Brillouin
shift vg and the longitudinal elastic modulus ¢ as a func-
tion of Ty values. There appears to be a linear relationship
between Ty and these two parameters. On the contrary, the
Tt dependence of the Brillouin peak width I's exhibits
a quite different tendency, as shown in Fig. 5(e): the I'y
reaches its maximum when the 7y is approximately
1600K, and then decreases. Generally, peak width Iy
becomes narrower with increasing frequency. The internal
friction, which is defined as I'g/ Vg, of this SiO, glass, is
also shown in Fig. 5(e) as a function of 7. Because the
change in I' (~5 %) is larger than that in vg (~1 %), this
confirms that the size change of correlation length is mean-
ingful. Thus, the obtained data suggest that not only the
Brillouin peak width, but also internal friction do not show
a linear dependence on temperature, and these parameters
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decrease in SiO; glasses exhibiting higher 7 values (7} >
1700 K). Since Brillouin peak width is proportional to the
ultrasonic attenuation the decrease of 'y indicates a qual-
itative change in the phonon scattering mechanism in the
length scale of micrometer order across 77y~ 1700K.
Regarding the refractive index, we believe it does not
affect either the Raman or the Brillouin results. The boson
peak, which reflects the vibrational density of states, is
generally considered to be independent of the refractive
index. Since no irregularity originating from the refractive
index has been observed, we can conclude that the slight
change in the refractive index (<0.05 %) is negligible in
the estimation of the ¢;; value, because the Brillouin shift
itself shows a variation of about 1 %.

Since it is expected that internal friction of SiO, glasses
correlates with the cavity of SiO,4 network, we performed
positron annihilation lifetime spectroscopy to quantify the
cavity size in materials.’’>? Figure 6(a) shows the posi-
tron decay curves of the SiO, glass with different 7% val-
ues, where there is a slight difference in these curves. For
insulators, the decay constant of ortho-positronium o-Ps
(the third component in fitting the decay curve) was used
for the size calculation. Figure 6(b) shows lifetime of 0-Ps
(on the left axis) and the relative intensity of total decay
components (on the right axis) as a function of 7} values.
Both lifetime and intensity exhibit an inflection point at
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Fig. 6. Positron annihilation lifetime spectroscopy for determi-

nation of cavity of SiO, glasses exhibiting different 7% values.

(a) Positron decay curves of SiO, glasses exhibiting different 7§

values. (b) Lifetime of ortho-positronium (0-Ps) 73 and the

intensity /5 as a function of a function of 7 values. (c) Correlation
between cavity radius and 7t of SiO, glasses.

the SiO, glass whose Tt is 1656 K. The cavity radii of this
SiO, glass are plotted in Fig. 6(c) as a function of the T¢
values. Although preliminary observations suggest an
apparent consistency between cavity sizes of SiO, and T}
values in the previous literatures; the cavity size increases
with increasing T value,’® there is a different tendency at
higher T¢-glass. The anomalous change of SiO, glasses
with higher 77 will be discussed with other spectroscopic
data in the following section.

4. Discussion

In the previous paper,?” we assumed the 7; dependence
on the structural parameters of SiO, glass to be linear.

As shown in Ty-dependence of the FSDP of SX(Q), the
change of SX(Q), which is largely affected by the Si-
related correlation, is roughly proportional to that of 7¢. On
the contrary, in the structure factor SN(Q), which is largely
affected by the O—O correlation, the T¢-dependences of O,
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Fig. 7. Q, peak height of ASN(Q) of SiO, glasses as a function
of T values.

peaks are not identical to that in SX(Q). Figure 7 shows
the O, peak height of ASN(Q) of SiO, glasses exhibiting
different Tt values. In the case of QO (FSDP), the change is
linear as observed in spectra change of ASX(Q). However,
for O, and Qs peaks, a steep change is observed for SiO,
glass with Ty = 1743 K. Comparing ASN(Q) with ASX(Q),
the steep change is only observed in SN(Q). Therefore, we
assume that the spectra change correlates with an oxygen-
related structure. It is worth noting that the inter-tetrahedral
0-0 correlation observed in the present case seems to be
different from that observed in densified SiO, glass, in
which a significant density change is observed.”) In con-
trast to pressure-driven structural change of densified
glass,® thermodynamic change from the supercooled state
should change by undergoing a different pathway. It is
expected from the results of positron annihilation spec-
troscopy that the formation of a smaller ring is the result of
high instability of the larger rings in higher T¢-glass.

As shown in Fig. 6(c), an inflection point of structural
parameter with respect to the 7t values is also observed in
positron annihilation spectroscopy. It has been reported
that small-membered rings, such as three-membered rings,
exist in SiO; glass exhibiting higher 7t values, and these
rings induce higher refractive index, density, and elastic
modulus.®” Meanwhile, larger cavities are formed in SiO,
glasses exhibiting higher 7; values as a counterpart.
Although cavity sizes of the present result are in accor-
dance with those in the literature for cavities of SiO, with
lower T; values (<1650K),*® the deviation from linearity
is observed at the higher-7} region. It is notable that this
study is the first result to evaluate the cavity size of SiO,
glasses with higher 77 (> 1700 K) using the positron anni-
hilation spectroscopy. It is reported that a positron line-
shape parameter of SiO, glass saturates after heat treatment
at 1673 K.>” Although Brauer et al.>” used the positron
lineshape parameter to evaluate the crystallinity of SiO,
glass, it is suggested that the saturation behavior depend-
ing on temperature is similar to our case.

In both inelastic light scattering, while the boson peak
frequency Vgpmax and Brillouin shift vg appear to be linear
at lower Tt region, a slight nonlinearity is also discernible
in the high-T; region. Here, we have compared Brillouin
peak width I'g (Brillouin) and standard deviation of log-
normal function o (Raman) concerning to spectral broad-
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Fig. 8. Brillouin peak width I'g and standard deviation of log-
normal function o as a function of 7 values.

ening, i.e. the structural diversity. Figure 8 shows Brillouin
peak width I'g and standard deviation of log-normal func-
tion o as a function of T} values. In both parameters, inflec-
tion points can be observed, which suggests that some
structural change occurred in SiO, glass with higher T¢
value. In SiO, glass exhibiting a lower T} value, the num-
ber of 6-membered rings (the most thermally stable struc-
ture) is increased. If there are many large-membered rings
with a cavity, the refractive index and elastic modulus,
which reflect the number of bridging bonds per unit vol-
ume, decrease. Such a cavity, i.e., free volume, acts as a
disturbance to the phonon propagation of sound velocity,
and consequently, a decrease in the propagation distance
of the ultrasonic wave. The propagation distance of the
ultrasonic wave is inversely proportional to I'g. In the
present study (at approximately 33 GHz, 180nm), the
mean free path was calculated as 73 um (77 = 1300 K) and
77 um (7y = 1763 K). The values show that phonon scat-
tering is high in SiO, glass with a low 7} value, indicat-
ing the formation of 6-membered rings with a significant
fraction of cavities. We assume that the observed structural
changes do not originate from structural heterogeneity be-
cause of the nature of experimental techniques. Although
Si0; glasses with the 7t of more than 1700 K were rapidly
quenched, the samples were polished for both spectro-
scopic and optical measurements. In addition, for Raman
spectra, the areas close to the surface were observed
whereas stimulated Brillouin spectra reflect information of
bulk area. Since Raman and Brillouin spectra exhibit simi-
lar dependence on 7%, the glass can be treated as a struc-
turally uniform medium for the purposes of this analysis.
Thus, we can conclude that the thermal history affects the
formation of various rings during the vitrification.

Here we discuss a plausible reason for the observed
change based on a formation of 6-membered rings and
other smaller- or larger-membered rings. As a 6-membered
ring is the most thermally stable structure, an increase in the
number of 6-membered rings will induce a decrease in site
distribution as observed in SiO, glass with lower 7. It is
reported that both smaller- and larger-membered rings are
formed with increasing T¢. The formation of various rings
is reflected in the change of the Brillouin shift, the standard
deviation of the boson peak, and the width of the Brillouin
peak. In the case of SN(Q), a formation of structures is ob-
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served at the Q region below 1A~ [see Figs. 1(d) and
3(b)]. In addition, T¢-dependences of peak height of
ASN(Q) of SiO, glasses are different. It is thought that
the degree of ordering or disordering is determined by the
difference in the distance range observed. Since the tem-
perature dependence of Brillouin peak width is slightly
different from the other spectroscopic data, it is expected
that the width reflects longer-distance structure, although
the distance also belongs to the intermediate-range (not the
long-range ordering, i.e. crystalline structure).

Since glass possesses metastable network quenched at
a certain temperature, although the actual construction of
Si0O, glass is difficult to determine because of coexistence
of various non-symmetric rings, recent ring analysis
allows for the visualization of plausible random network
structures.>1%1) On the other hand, as shown in the pres-
ent data, rearrangement of network structure upon anneal-
ing (relaxation) is still complicated. Since there is no
analytical method to determine the network structure of
glasses with different distance range, a combination of
multiple measurement techniques is important for under-
standing the nature of the glass network.

5. Conclusions

Transparent SiO, glasses with different 7t values were
examined using several measurement approaches. The
HEXRD and neutron diffraction results suggest the for-
mation of a more disordered structure in SiO, glass with
higher T values, and oxygen-related species correlate the
structural change. The correlation length of the boson peak
showed a slightly different tendency to that of the FSDP,
indicating that the structural origin of the boson peak is
not the same as that of FSDP. Data from the stimulated
Brillouin scattering spectra suggest that structural changes
occurred in SiO; glass with higher 7t values, which is also
detected by positron annihilation spectroscopy. We have
demonstrated Brillouin peak width and standard deviation
of log-normal function can be used as a probe for the
structural ordering of glass. Although the direct atomistic
observation of glass is very difficult, these multiscale and
quantitative examinations are milestones in the evaluation
of various random materials.
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