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Transformations in the Intermediate-Range Structure of SiO2 Glass under High Pressure
and Temperature
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The temperature dependence of the x-ray structure factor for SiO2 glass was measured at several
pressures up to 19.2 GPa. The position of the first sharp diffraction peak moved to a higher momentum
transfer as the temperature increased in a specific pressure-temperature range. The intermediate range
structure was thermally relaxed to a denser one. Around 7 GPa, the temperature-induced shift saturated
and the crystallization temperature drastically increased. These results support the existence of a
relatively stable high-pressure form of SiO2 glass. A sudden transformation was not observed.
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high temperature [15] similar to that between low- and
high-density amorphous ices [16]. They argue that the

began at temperatures indicated by � and was almost
completed at the temperatures indicated by �. The
There is an increasing interest on polymorphism of
glasses and liquids, and the possibility of a first-order
phase transition. Different structures of SiO2 glass
have been recognized, but the existence of a first-order
phase transition between the structures is controversial.
Bridgman reported a permanent increase in density for
SiO2 glass after being subjected to pressure above 10 GPa
at room temperature [1]. At a given applied pressure, the
compacting effect increased as the temperature increased
[1,2]. Approximately a 20% increase in density was
achieved by treating at 7.4 GPa and 700 �C [3]. Since
drastic changes in elastic and vibrational properties ac-
companied, it has been suggested that the highly densi-
fied SiO2 glass is an ‘‘amorphous polymorph’’ [4].

In spite of the large change in density, changes in the
short-range order of the densified SiO2 glass were small
[3,5–8]. The basic structural units, SiO4 tetrahedra, were
preserved and the change in the Si-O bond length was
negligible. The large increase in density was attributed to
a significant modification in the intermediate range order,
which was manifested by a drastic change in the first
sharp diffraction peak (FSDP) of the structure factor,
S�Q� [3,7]. The FSDP was observed in numerous types
of glass [9] and appeared at 1:55 �A�1 for SiO2 glass
at normal pressure, which suggests that Fourier compo-
nents of period � 2�=Q � 4 �A are involved. As the
density increased, the position moved almost linearly to
higher Q [3]. Several experimental and simulation studies
demonstrated that the densification is accompanied by a
reduction in the ring sizes and a collapse of void space
[6,8,10–12].

Although in situ experiments at room temperature have
revealed that the pressure-induced structural change in
SiO2 glass is gradual and continuous [4,13,14], some
groups have proposed that the transformation occurs via
a first-order amorphous-amorphous phase transition at
0031-9007=04=93(1)=015501(4)$22.50 
glass transition temperature of SiO2 glass is high so that
the transition is kinetically hindered at room temperature
[15]. Following their prediction, it has recently been
reported that the volume suddenly decreased by 20% at
680 �C and 3.6 GPa [17]. However, other experimental
and simulation studies have revealed a continuous de-
crease of volume at elevated temperatures and high pres-
sures [12,18–20]. To determine whether a first-order
amorphous-amorphous transition exists, we conducted
in situ x-ray diffraction experiments at elevated tempera-
tures and at several pressures up to 19.2 GPa. The result at
17.2 GPa was previously reported [21].

A cubic-type multianvil apparatus (SMAP2) installed
on the BL14B1 beam line at the SPring-8 synchrotron
radiation facility was used for measurements below
9.9 GPa [22]. A rod of SiO2 glass with a 2.0 or 1.5 mm
diameter, a tube-type graphite heater, and a cube made of
boron-epoxy mixture were used. The temperature was
monitored by an alumel-chromel thermocouple, while
the pressure was determined by an internal NaCl marker
[23]. A Kawai-type double stage press (SPEED1500) on
BL04B1 at SPring-8 was used for measurements at and
above 11.9 GPa [22]. For these experiments, a rod of SiO2

glass with a 1.5 mm diameter, a W97Re3-W75Re25 ther-
mocouple, a NaCl pressure marker, and an MgO gasket
were used. The x-ray diffraction pattern was measured by
an energy-dispersive method. To obtain structure factor,
S�Q�, diffraction data at different 2� angles were com-
bined by an empirical method [24,25]. Some crystalliza-
tion temperatures were determined on the BL11XU beam
line with a cubic-type apparatus.

Figure 1 shows the P-T points where the measurements
were performed. Initially the pressure was increased at
room temperature, and then the sample was heated at a
constant applied load. Typically, as the temperature in-
creased, the pressure slightly decreased. Crystallization
2004 The American Physical Society 015501-1
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FIG. 1. The pressure and temperature points where the mea-
surements were performed. The SiO2 sample partially crystal-
lized at the points indicated by + and fully crystallized at
points indicated by �. The lines are explained in the text.
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sample crystallized to quartz (P � 4:4 GPa), coesite
(4:4 � P � 11:1 GPa), or stishovite (11:1 � P �
19:2 GPa). The mixtures of two crystalline phases were
observed at 4.4 and 11.1 GPa. The crystallization tem-
perature decreased up to 3.7 GPa. Above 7 GPa it rapidly
increased from about 700 �C to about 1000 �C and then
gradually decreased above 10 GPa.

Figure 2 shows the room-temperature pressure depen-
dence of S�Q� for SiO2 glass up to 19.2 GPa. The position
of the FSDP at ambient pressure, 1:55 �A�1, was consistent
with the previous reports [13]. The FSDP moved to higher
Q and became broad as the pressure increased. On
the other hand, the shifts of peak positions in the region
Q > 4 �A�1 were relatively small. The small change in the
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FIG. 2. The pressure dependence of S�Q� at room
temperature.
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high-Q region indicates that the short-range order was
mostly preserved. In fact, the radial distribution functions
obtained by the Fourier transform of S�Q� revealed that
the Si-O bond length was almost constant [21]. Above
4.8 GPa, a new peak appeared at about 3 �A�1. The in-
tensity of this new peak increased as the pressure in-
creased. The small peak around 6:5 �A�1 disappeared at
high pressures. The overall tendency agreed with the
previous study [13].

Figure 3 plots the temperature dependence of S�Q� at
3.7 GPa and that at 9.9 GPa. The change of FSDP at
3.7 GPa was small. The intensity of FSDP barely in-
creased with temperature, and its position slightly shifted
to higher Q. On the other hand, a large change in FSDP
was obvious at 9.9 GPa. The FSDP became sharper and its
position moved to higher Q as the temperature increased.
The change was small above 400 �C. The shift to higher
Q indicates that the characteristic distance in real space
was reduced. The direction of the shift was contrary to
that expected from the normal thermal expansion. Thus, it
is highly probable that the density of SiO2 glass increased
with temperature due to the relaxation of the intermediate
range structure. The sharpening of the FSDP was also
anomalous since peak broadening at high temperature
was expected due to an increase in the thermal vibration.
It suggests an increase in the correlation length or a more
ordered, homogeneous structure at high temperature,
which supports thermal relaxation in the intermediate
range structure. This sharpening continued even after
the shift of the FSDP stopped. The new peak at about
3 �A�1 became small as the temperature increased.

Figure 4 summarizes the typical temperature depen-
dence of the position of the FSDP at several pressures. It
was reported that the position of FSDP was not dependent
on temperature at atmospheric pressure [26]. Our result at
2.3 GPa did not show significant temperature dependence
either. The shift to higher Q started above 300 �C at
3.7 GPa. At 5.5 GPa, the shift of the FSDP continued
from room temperature to the highest temperature. At
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FIG. 3. Temperature dependence of S�Q� at 3.7 and at 9.9 GPa.
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FIG. 5. The position of FSDP at room temperature and the
temperature where the peak is through shifting. Dashed line is
a guide for eyes.
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FIG. 4. The temperature dependence of the FSDP position.
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9.9 GPa, the shift stopped at 400 �C, and the temperature
where the shift terminated decreased as the pressure
increased. At 11.9 GPa, the shift stopped at 200 �C and
the total range of the shift was small. These results clearly
indicate that there is a P-T region where the intermediate
range structure relaxed to a denser one, which was in-
duced by the heating. The absence of relaxation in the
high-pressure, high-temperature region implied that a
relatively stable high-pressure form of SiO2 glass exists.
The rapid increase of the crystallization temperature
above 7 GPa as shown in Fig. 1 is also evidence for an
increased stability. A sudden change in the position of the
FSDP was not observed when heating.

In Fig. 1, the area surrounded by two solid lines in-
dicates the transformation region where the temperature-
induced shift of the position of the FSDP occurred. The
region coincided with the threshold region where the
permanent densification was induced by high-pressure
high-temperature treatments [2]. Heat treatment above a
threshold temperature, which decreased as the pressure
increased, induced a permanent densification. The density
of the recovered sample at a certain pressure increased
with temperature, but it approached saturation at high
temperature and high pressure [2]. El’kin et al. speculated
a similar transformation region based on their volume
measurements of SiO2 glass at moderate temperatures
[18]. The region was consistent with our findings.

The transformation region is also evident in a plot of
the FSDP position as a function of pressure. In Fig. 5, the
closed circles indicate the position of FSDP at room
temperature, and the open circles indicate the position
at a given temperature where the shift caused by
the heating was terminated by either crystallization or
the saturation at each pressure. At room temperature, the
FSDP position moved to a higher Q as the pressure
increased. It had a small positive curvature up to 10 GPa.
Then the slope sharply decreased and moved almost
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linearly with pressure above 10 GPa. The sharp change
in the slope indicates that the compression mechanism
changed around this pressure, which pressure coincided
with the threshold of the permanent densification at room
temperature. On the other hand, the position of the FSDP
at high temperatures started to deviate from that at room
temperature around 3 GPa and rapidly increased with
pressure. Above 7 GPa, it had the same slope for the
high-pressure part of the room-temperature curve.

In Fig. 5, the open square indicates the position of the
FSDP for a 20% densified glass obtained by a heat treat-
ment at 7.4 GPa and 700 �C [3]. The position was very
similar to the extrapolated relationship between the
FSDP position and the pressure in the high-pressure re-
gion. Highly densified glass can be considered a quenched
high-pressure form. This relationship explained why den-
sification above 20% was difficult to achieve.

As shown in Figs. 1 and 5, the transformation region
became narrower at high temperatures, but the width
remained even near the crystallization temperature.
Crystallization seems to hinder the amorphous-
amorphous first-order phase transition, if it exists.

The existence of intermediate states between the nor-
mal and the highly densified glass also suppressed the
sudden amorphous-amorphous transition. Reported S�Q�
for moderately densified glass [3] cannot be reproduced
by combining those of the normal and the highly densi-
fied glasses, which implies that intermediate structures
between the two forms are possible. The continuously
observed change of FSDP in our in situ experiments
confirms the existence of intermediate states.

Previous diffraction measurements on densified glasses
revealed a linear relationship between the position of the
FSDP and the density [3]. If this relationship holds for the
intermediate structure at high pressures, then the density
change from heating can be roughly estimated. The shift
induced by heating reached a maximum, 0:13 �A�1, at
015501-3
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5.5 GPa. The estimated corresponding change in density
was 0:20 g=cm3, which was approximately 9.5% of the
density for the normal glass and 8% of the density at
5.5 GPa and room temperature [27]. The amount of den-
sity change is supposed to be sufficient to produce highly
densified glass since the glass is already compressed about
20% at room temperature and because the high-pressure
form has a smaller compressibility [18].

Mukherjee et al. reported that at 680 �C and 3.6 GPa a
sudden decrease in volume by 20% in the amorphous state
occurred before crystallization. In our measurements,
crystallization started at 650 �C and 3.1 GPa. The differ-
ence in the crystallization temperatures may be due to the
different high-pressure generation methods. Yet, a volume
change of 20% is inconsistent with our estimated density
change from heating.

The fact that heating induced the structural change in
the intermediate range order suggests that a thermally
activated process such as rebonding, i.e., breaking of the
original bonds and forming of new ones, accompanies the
changes. Simulation studies have shown such events and
the resultant changes in the topology of tetrahedron con-
nectivity. Trachenko et al. reported that tetrahedral to-
pology did not break below 3 GPa [11,19]. The rebonding
at room temperature began above 3 GPa and the number
of rebonding events remarkably increased above 5 GPa.
At elevated temperatures, the number of rebonding events
increased. The transformation region was consistent with
our results. They reported a gradual decrease of 7% in
volume up to 927 �C and 3.6 GPa [12]. This volume
change was consistent to our estimates. Furthermore,
the changes in the topology of tetrahedron connectivity
toward more efficient packing of the tetrahedra were
supported by our diffraction data. A preliminary reverse
Monte Carlo analysis on S�Q� revealed that the number of
small rings increased as the densification progressed. The
change of the ring statistics probably decreases the num-
ber and/or the size of interstitial voids and hence contrib-
utes to the large shift of the FSDP. Detailed analysis on
S�Q� and radial distribution functions will be presented
elsewhere [28]. Trachenko et al. also pointed out that
overcoordinated Si atoms appeared above 3 GPa [12].
The appearance of the new peak at 3 �A�1, which became
prominent at pressures where the sixfold structure was
dominant [13], and the disappearance of it by heating
may indicate creation and thermal relaxation of such
defects, respectively.
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