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Coexistence of two states in optically homogeneous silica glass
during the transformation in short-range order
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Silica glass is an optically homogeneous material with many practical applications. Unlike crystalline
materials, it remains optically homogeneous during transformations. However, high-pressure in situ small-angle
x-ray-scattering measurements indicate an increase in the scattering intensity during the transformation in
short-range order between fourfold-coordinated and sixfold-coordinated amorphous polymorphs, providing
strong evidence for heterogeneity. Detailed analyses suggest that silica glass consists of optically invisible
subnanometer-scale domains for the two amorphous polymorphs and boundary region between them. The
boundary region, which likely has an intermediate structure, is comparable in size to the domains, and works as
a buffer to prevent the glass from cracking during the transformation. The transformation is more drastic and the
domains are more distinct upon decompression than compression.
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I. INTRODUCTION

Polyamorphism has been studied intensively since Bridg-
man and Šimon [1] discovered the permanent-densification
phenomenon in SiO2 glass. However, many problems remain
unsolved. One of the most mysterious is about the intermedi-
ate state of amorphous–amorphous transformations. When a
single crystal transforms into a different phase, heterogeneous
features such as grain boundaries and cracks emerge. These
features, which can be observed by optical microscopy (or
even the naked eye) [2], are attributed to the generation and
growth of daughter-phase nuclei in mother-phase single crys-
tals. By contrast, indications of heterogeneity are not detected
in the case of glasses [3,4].

A good example is the pressure-induced transformation in
short-range order of SiO2 glass from the fourfold-coordinated
structure to the sixfold-coordinated structure. This transfor-
mation is accompanied by a ∼30% increase in density [5–7].
Despite the large changes in the structure and the density,
the glass remains optically homogeneous during the transfor-
mation. Why does it remain homogeneous? Does the glass
change its structure continuously and homogeneously unlike
crystals [8–10]? To answer these questions, the intermediate
state of the transformation must be unveiled. X-ray diffraction
is commonly used to study the intermediate state of a crystal,
but it is not useful for glass because x-ray diffraction provides
limited structural information such as the average interatomic
distance and coordination number [11].

Small-angle x-ray scattering is a method that fills up the
length scale between optical microscopy (micron scale) and
x-ray diffraction (angstrom scale). It provides information
about the sample’s heterogeneity [12]. In fact, this method
provided definitive evidence for the coexistence of two liquid
phases during the first-order phase transformation in oxide

liquids at ambient pressure [13] and that for the density fluctu-
ation during the continuous phase transformation in chalcogen
binary liquids at nearly ambient pressure [14]. Herein we
develop small-angle x-ray-scattering techniques to study the
heterogeneity of glass at high pressures, and apply them to
unveil the intermediate state of the transformation in SiO2

glass.

II. EXPERIMENTS

High-pressure in situ small-angle x-ray-scattering experi-
ments for SiO2 glass were conducted using a newly devel-
oped system at the BL-18C beamline of the Photon Factory
(Tsukuba, Japan). A special setup, which differs from the
ordinary one dedicated to x-ray diffraction, was prepared to
measure x-ray scatterings in the low-Q range for samples in
diamond-anvil high-pressure cells. An additional collimator
was set between the sample and the x-ray shaping collimator
to remove scattering from the shaping collimator. A vacuum
chamber was installed downstream of the sample to remove
scattering due to air. An imaging plate was used in the
vacuum chamber to measure the scatterings from the sample
in the Q range from 0.14 to 4.0 Å−1 simultaneously. To
accurately determine the scattering intensity from the sample,
we used the following settings. The x-ray energy was set to
15.3 keV, considering the x-ray absorption and glitches of
the anvils [15,16]. Because the signal increases with sample
thickness, a c-BN gasket was used instead of an ordinary
metal gasket [17]. The measurements were conducted with
a NaCl pressure medium during the compression process
up to 40 GPa and the subsequent decompression process
down to ambient pressure at room temperature. We also
conducted optical-microscope observations with a rhenium
gasket and a NaCl pressure medium in a separate run from the
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FIG. 1. Optical-microscope pictures of SiO2 glass in a diamond-anvil cell with a NaCl pressure medium. The black area is the gasket.
The arrow shows the time series of the experiment. Black and white denote pressures upon compression and decompression, respectively.
Heterogeneity is not observed in the sample at all pressures. The sample chamber is initially opaque because the grain boundaries of NaCl
do not stick to each other. The chamber becomes slightly heterogeneous at 35 GPa upon compression and 20 GPa upon decompression due
to the phase transformation of NaCl [18]. The sample diameter is larger after decompression than before compression due to the plastic
deformation [4].

small-angle x-ray-scattering experiments, to demonstrate the
optical homogeneity during the transformation between the
fourfold-coordinated structure and the sixfold-coordinated
structure.

III. RESULTS AND DISCUSSION

A. Optical-microscope observations and small-angle
x-ray-scattering measurements

Figure 1 shows the optical-microscope photographs of
SiO2 glass at high pressures. Heterogeneity is not observed
(Fig. 1). Only the sample size changes significantly. The
sample chamber is initially opaque due to the difference in
the refractive index between the NaCl particles and surround-
ing air before the compression, but becomes transparent in
the subsequent compression and decompression processes.
Similarly, the difference in density between NaCl and air
affects the small-angle x-ray-scattering data at ambient pres-
sure before compression, but the effect becomes very small
and can be neglected in subsequent measurements after grain
boundaries stick to each other by compression [19].

Figure 2 shows the x-ray-scattering patterns of SiO2 glass
at high pressures. Figure 3 shows the pressure dependence of
the position and the height of the first sharp diffraction peak
(FSDP) and Iav, which is defined as the scattering intensity
averaged over the low-Q range between 0.14 and 0.60 Å−1.
Upon compression, the position and the height of the FSDP
change monotonically with pressure, whereas Iav shows a
maximum at ∼25 GPa. The tail of the FSDP extends to the
low-Q range upon compression to 10 GPa. Consequently, the
low-Q scattering intensity upon compression below 10 GPa
(gray symbols in Fig. 3) is not discussed. Upon decom-
pression, the position and the height of the FSDP change
drastically between 15 and 10 GPa. This is accompanied by
a more obvious maximum in Iav. The pressure dependence of

the position of the FSDP (Fig. 3) is consistent with available
data [19,23].

Since the transformation from the fourfold-coordinated
structure to the sixfold-coordinated structure occurs mainly
between 20 and 35 GPa [5,6,9,10,24–27], it is conceivable that
the maximum of Iav upon compression is due to this trans-
formation. Although fewer studies examine the behavior of
SiO2 glass upon decompression compared to that upon com-
pression, the sixfold-coordinated structure reverts back to the
fourfold-coordinated structure (the fully densified fourfold-
coordinated structure [28,29]) below ∼20 GPa [9,23,25].
Therefore, the drastic change observed upon decompression is
attributed to the transformation from the sixfold-coordinated
structure to the fourfold-coordinated structure. The increase
in the intensity of the small-angle x-ray scattering provides
definitive evidence of a heterogeneous intermediate state dur-
ing the transformation [12].

B. Analyses with two-phase mixing model

The following procedure was used to analyze the small-
angle x-ray-scattering data. Since the scattering intensity in
the low-Q range is the Fourier transform of the autocorrela-
tion function of electron density distribution [12], more de-
tailed information about the heterogeneity such as the degree
and scale of variation during the transformation can be derived
from the pattern. By extending the two-phase mixing model
proposed by Debye and Beuche [30] to the case of an unsharp
domain boundary, the low-Q scattering intensity is described
as [19]

I (Q) = I0

(1 + ξ 2Q2)2 H (Q)2 + Iintr. (1)

Here, I (Q) and ξ represent the scattering intensity from an
average atom and half the correlation length, respectively.
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FIG. 2. X-ray-scattering patterns of SiO2 glass under high pres-
sure. Sharp peaks at Q > ∼2 Å−1 are from the NaCl pressure
medium. Upon compression, the tail of the FSDP extends to
the low-Q range (Q < ∼0.6 Å−1) at 0–10 GPa. At ambient pressure
before compression, I (Q) at Q < ∼0.4 Å−1 cannot be measured due
to the intense scatterings from grain boundaries of NaCl. (The red
dotted line is just an expectation.) The position and the height of the
FSDP after decompression differ from those before compression due
to the permanent densification [28,29].

Iintr represents the scattering intensity due to the intrinsic
density fluctuation inherited from a liquid state (or a su-
percooled liquid state). H (Q) is the Fourier transform of
the one-dimensional form of the smoothing function h(r).
Considering an unsharp boundary where the density changes
linearly within the width E, h(r ) can be written as [31,32]

h(r ) =
{

1/E |r| < E/2
0 |r| > E/2 . (2)

Then [19],

I0 = 8πξ 3V �ρ2φ(1 − φ)

(
1 − 2E

3ξ

)
, (3)

H (Q) = 2

EQ
sin

(
EQ

2

)
, (4)

where �ρ, φ, and V represent the difference in the electron
density between the two phases, the volume fraction of one
phase, and the volume occupied by an average atom, respec-
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FIG. 3. Pressure dependence of Iav, the average scattering inten-
sity in the low-Q range from 0.14 to 0.60 Å−1, and the position and
the height of the FSDP. Solid and open symbols represent the data
upon compression and decompression, respectively. Gray symbols
for Iav denote the data upon compression affected by the tail of the
FSDP.

tively. In Eq. (3), 8πξ 3 is a measure of the domain volume
(including the boundary region) [12,19].

Equations (1)–(4) were fit to the scattering pattern at
12.5 GPa upon decompression, which has the most prominent
increase in the low-Q scattering intensity. Based on the po-
sition and the height of the FSDP as well as the equations
of state for the two relevant structures, i.e., the sixfold-
coordinated and the fully densified fourfold-coordinated
structures [5,29], φ = 0.5 and the density difference of
1.0 g/cm3 were assumed. At ambient pressure, Iintr of SiO2
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FIG. 4. Low-Q x-ray-scattering pattern of SiO2 glass at 12.5
GPa upon decompression and the density-fluctuation model with
a domain size of [(8πξ 3)1/3 − E] [12,19]. Red dash-dotted lines
represent the fitting result with Eqs. (1)–(4). The thin dashed line
corresponds to Iintr , which is the scattering intensity due to the den-
sity fluctuation inherited from the liquid state. �ρ represents the
difference in density in this figure, while it represents the difference
in electron density elsewhere. The double of (8πξ 3)1/3 is ∼20 Å and
this value corresponds to Q = ∼0.3 Å−1.

glass is ∼10 e.u./atom [33]. The scattering intensity of 1
e.u. corresponds to the classical scattering from a single
electron [11,19]. At high pressures, Iintr is estimated to be
5–10 e.u./atom. (See the baseline of Iav in Fig. 3.) The
analysis assumes that Iintr is equal to the intensity at Q =
∼1.0 Å−1 (Fig. 4). The fitting indicates that I0, ξ , and E are
45 e.u./atom, 3.2 Å, and 3.5 Å, respectively. The patterns at
15 and 10 GPa upon decompression can be well reproduced
with φ = 0.05 and 0.89 (I0 = 8.4 and 18 e.u./atom), respec-
tively, by assuming the same ξ and E as those at 12.5 GPa
(ξ = 3.2 Å and E = 3.5 Å).

Figure 4 shows the one-dimensional density-fluctuation
model with these parameters. The estimated domain size is
∼6 Å. Considering that the Si-O bond length is 1.6–1.7 Å
both in the fourfold-coordinated structure and the sixfold-
coordinated structure [5,10,24,25,27], several SiO4 tetra-
hedrons and SiO6 octahedrons likely form the fourfold-
coordinated domain and the sixfold-coordinated domain, re-

spectively, during the transformation. The structure in the
boundary region may be classified as a fivefold-coordinated
structure. The fraction of the fivefold-coordinated structure
may be rather large because the boundary width is comparable
to the domain size. Molecular-dynamics simulations predicted
that fourfold-, fivefold-, and sixfold-coordinated silicon ions
coexist during the transformation and the fraction of the
fivefold-coordinated ions becomes rather large [34–37]. Our
results are consistent with these predictions. However, larger-
scale first-principle simulations may be necessary for detailed
comparison with experiments.

The one-dimensional density-fluctuation model obtained
by small-angle x-ray scattering (Fig. 4) well explains the lack
of heterogeneous features such as grain boundaries and cracks
in optical microscopy (Fig. 1), although the two structures
coexist in SiO2 glass during the transformation. First, optical
microscopy cannot identify domains that are smaller than
the wavelength of visible light. Second, the broad boundary
region with an intermediate structure likely works as a buffer.
It compensates for the large difference between the two struc-
tures, preventing the glass from cracking. The large boundary
width, which is comparable to the domain size, highlights
the difference from crystals displaying heterogeneous features
during phase transformations.

C. Domain size and sluggishness of transformation

Compared to decompression, the transformation is slug-
gish and not prominent upon compression. I0 is esti-
mated to be < ∼10 e.u./atom at 25 GPa upon compression
(Figs. 2 and 3), which is much smaller than 45 e.u./atom at
12.5 GPa upon decompression. Based on the equations of state
[5,29], the density difference between the sixfold-coordinated
structure and the fully densified fourfold-coordinated struc-
ture is ∼0.88 g/cm3 at 25 GPa. This corresponds to I0 =
∼35 e.u./atom, assuming the density is only difference be-
tween compression and decompression. This assumption is
obviously incorrect because I0 < ∼10 e.u./atom. Unfortu-
nately, it is difficult to determine the parameters by fitting.
Nevertheless, according to Eq. (3), the difference in I0 can
be explained if ξ is smaller (∼2.6 Å assuming the same E

and ∼2.0 Å assuming the same E/ξ ), suggesting that domains
are less distinct during compression than decompression. In
the model proposed by Brazhkin and Lyapin [38], the slug-
gishness (pressure width) of a transformation and domain
size are inversely correlated because the distribution of the
Gibbs free energy of domains becomes broader as the domain
size becomes smaller. Our observations and interpretations are
also consistent with this model.

The difference between compression and decompression
may be due to the variation in the intrinsic inhomogeneity of
the fourfold-coordinated structure and the sixfold-coordinated
structure. Iintr of the fourfold-coordinated structure is larger
than that of the sixfold-coordinated structure. (See the base-
line of Iav in Fig. 3.) Because the fourfold-coordinated struc-
ture has a larger inhomogeneity than the sixfold-coordinated
structure, the nucleation of the sixfold-coordinated structure
in the fourfold-coordinated structure may be easier than that of
the fourfold-coordinated structure in the sixfold-coordinated
structure. If this is the case, the transformation starts earlier
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and proceeds more sluggishly upon compression than de-
compression. Therefore, the domain size becomes small upon
compression and large upon decompression [38].

IV. CONCLUDING REMARKS

In this study, we obtained definitive experimental evidence
for a heterogeneous intermediate state during the transforma-
tion of SiO2 glass between the fourfold-coordinated struc-
ture and the sixfold-coordinated structure by high-pressure
in situ small-angle x-ray-scattering measurements. Although
the glass seems to change its structure continuously and
homogeneously (Fig. 1), small domains of the two structures
coexist with the broad boundary region, which works as a
buffer composed of an intermediate structure (Fig. 4). The
transformation proceeds heterogeneously by changing the
ratio of the two structures.

In closing, we have two remarks. First, the view pre-
sented in the preceding paragraph may be applicable to other
amorphous–amorphous transformations. For example, previ-
ous studies reported a similarity between GeO2 glass and
SiO2 glass. The density change with pressure during the trans-
formation in GeO2 glass between the fourfold-coordinated
structure and the sixfold-coordinated structure can be ex-
plained by a two-phase mixing model [39]. A certain fraction

of germanium ions has a fivefold-coordinated structure [40].
The transformation is more sluggish upon compression than
upon decompression [41]. Such hysteresis was also reported
in B2O3 glass [42]. Moreover, some samples of amorphous
ice recovered to ambient pressure show an increased intensity
in small-angle neutron scattering [43], although the interpreta-
tion of the data is debatable. The transformation of amorphous
ice can be optically detected and occurs rapidly [38,44].
Second, we expect that high-pressure in situ small-angle x-
ray-scattering measurements will be applied to many other
amorphous materials. We have proposed a general picture
of the intermediate state of amorphous–amorphous transfor-
mations. Analogous to crystals, however, the transformations
of amorphous materials should vary widely. Further studies
on various amorphous materials will significantly deepen the
understanding of polyamorphism.
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